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ABSTRACT 
 
 
 
The pyroelectric and electrocaloric effect play an important role in many 
applications such as energy harvesting and solid-state cooling. This 
dissertation focuses on the characterization of the pyroelectric and electric 
coefficient in thin film using novel laser-based technique. The 
implementation of the systems is described in detail, and heat transport 
models are developed to interpret the experimental data. The temperature 
oscillation caused by the modulated laser power or the entropy change are 
calculated over a wide range of the modulation frequency. These techniques 
are applied to characterize Pb(ZrTi)O3 and Ba(SrTi)O3 films growth by Pulse 
Laser Deposition (PLD) and sol-gel method. 
The secondary pyroelectric and electrocaloric contributions caused by 
clamping substrate effect are discussed. A wide range frequency analysis is 
applied to extract the secondary pyroelectric coefficient.  The secondary 
pyroelectric effect is found to have the same dependence on applied field as 
the pyroelectric coefficient and is approximately 15% and 20% of the total 
response for PbZr0.2Ti0.8O3 and Ba0.6Sr0.4TiO3 grown by PLD, respectively. By 
comparing the pyroelectric and electrocaloric coefficient measured on the 
same devices, our result shows the secondary contribution to the 
 iii 
electrocaloric coefficient has the opposite sign as the primary effect and 
therefore reduces the overall entropy change of Pb(ZrTi)O3 in an electric field. 
Finally, the sol-gel method is used to produce Pb(ZrTi)O3 thin films. The 
sample fabrication is described in detail along with physical characterization 
and the pyroelectric measurement. Sol-gel PZT films are perovskite phase 
with (100) orientation. The pyroelectric coefficient is measured to be 135 µC 
m-2 K-1. 
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CHAPTER 1  
 
INTRODUCTION 
  
 
Pyroelectricity describes the change in the polarization of a material with 
temperature. The polarization change is explained by a displacement of 
cation centers to anion centers caused by the asymmetry of the potential 
energy[1]. The pyroelectric effect is commonly used in heat sensing, detectors 
of infrared radiation, thermal imaging and energy harvesting. [1-3]. For 
pyroelectric harvesting applications, Bowen et. al[3] provided a recent review 
of energy harvesting of pyroelectric effect and comparison with piezoelectric 
energy harvesting, potential materials and electronic systems for energy 
storage. Sebald et al.[4] proposed using cyclic pumping to increase energy 
conversion efficiency by increasing the heat oscillation frequency.   
  Although the theory of the pyroelectric effect has been developed back 
to 1970, the physics of pyroelectricity is still poorly understood at microscopic 
scale. [5-7]Recently, using molecular dynamic to study LiNbO3, Peng et al. 
showed that pyroelectricity stems from the anharmonic change in crystal 
structure with temperature.[8] The total pyroelectric effect comes from 
primary and secondary contributions. The primary contribution is the change 
of polarization under constant strain condition. [9,10]. The secondary 
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contribution comes from the change of the polarization due to thermal 
expansion induced strain via the piezoelectric effect. [1,9-13].  The primary 
contribution has two parts: intrinsic and extrinsic. [9]The intrinsic part 
arises from the change of polarization in single domains while the extrinsic 
part is due to the domain wall movement.  
 There has been a lot of effort to study the secondary effect. A 
calculation by Zook et al.[13] indicated that the pyroelectric response is 
reduced in clamped thin films. Whatmore et al.[1] showed that if frequencies 
of alternating heat flux matches the mechanical resonance frequencies, the 
secondary effect can be important. The secondary pyroelectric coefficient is 
also enhanced by laminate structures due to different thermal expansion and 
stiffness.[14]. Yang et al.[15] replaced thin films by a ZnO nanowire arrays 
which provide good stability and high characteristic coefficient of heat flow 
conversion into electricity, ~ 0.05 - 0.08 Vm2/W. Recently, Karthik et al.[9] 
pointed out that the secondary contribution could be as large as 50% of the 
total effect. 
 The pyroelectric measurement involves measuring either the 
spontaneous polarization or currents created by the change of charges at 
surfaces of materials in response to change of the polarization.[11] It is often 
categorized into three groups based on methods to temperature of materials. 
1) Constant temperature measurement: [16-18] the polarization is measured 
using the Sawyer-Tower bridge at different temperatures. 2) Temperature 
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ramp techniques[19-22]: the pyroelectric current flow between two contacts is 
collected under continuous heating or cooling. 3) Periodic temperature change 
techniques: Materials are heated by periodic heat sources such as a 
modulated light source or laser. [23,24] 
 The electrocaloric effect is an inverse effect of the pyroelectricity which 
describes the reversible temperature change of materials under an applied 
electric field. This effect has potential application in energy scavenging and 
solid-state refrigeration  [25,26] The physics of the electrocaloric effect is even 
less understood than the pyroelectric effect because  measuring the entropy 
change is challenging and the secondary effects are not well understood.  
 At macroscopic level, a general consideration of the electrocaloric effect 
is based on the Maxwell relation between the entropy and electric 
displacement: 
   (1.1) 
Where   is the pyroelectric coefficient,  is the electrocaloric coefficient, 
T is the ambient temperature, is strain, is stress, E is electric field. The 
adiabatic temperature change  can be expressed as: 
   (1.2) 
C is the heat capacity. This relation indicates that, to achieve a large 
electrocaloric temperature change, the materials have to possess a large 
dS
dE
⎛
⎝⎜
⎞
⎠⎟ T ,ε  or σ
= dPdT
⎛
⎝⎜
⎞
⎠⎟ E ,ε  or σ
dP
dT
dS
dE
ε σ
ΔTa
ΔTa = −T
1
C
dP
dT
⎛
⎝⎜
⎞
⎠⎟ E ,ε  or σ
dE
E1
E2
∫
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pyroelectric coefficient over a broad electric field. Noted that this relation 
does not take into account the field induced phase transition contribution, 
e.g., the field induced structural transition[27]. The electrocaloric effect can 
be also derived from the Landau-Devonshire phenomenological theory[28], in 
which the Gibbs free energy of a ferroelectric material is expressed as a 
function of the polarization P, electric field E and stress . In general, the 
model predicts that a large electrocaloric effect can be achieved at close 
proximity of the Curie temperature.[29] [28,30]Furthermore, the strain due 
to thermal expansion mismatch, domain wall displacement or the clamping 
effect of a substrate can play an important role in enhancing the total 
electrocaloric response. [29,31,32]. These contributions are often considered 
as the secondary electrocaloric effect. 
 Electrocaloric measurement can be categorized into two groups: 
“direct” and “indirect”. The indirect method[33] is based on the 
thermodynamic Maxell relation (See Eq. (1.1)). The pyroelectric coefficient is 
measured as a function of the electric field, and then the electrocaloric 
temperature change is calculated from Eq. (1.2). Because of difficulties in 
measuring the pyroelectric coefficient directly, the polarization is often 
measured as a function of temperature instead. The indirect method was the 
approach used in many recent studies. Mischenko at al. measured a giant 
electrocaloric effect of ΔT=12 K for PbZr0.95Ti0.05O3 produced by an electric 
field of 480 kV cm-1 at an initial temperature of 220 oC.[34] A large 
σ
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electrocaloric effect (~ 12oC) in the ferroelectric poly (vinylidene fluoride-
trifluoroethylene- chlorofluoroethylene) (P(VDF-TrFE)) copolymer was also 
reported by Neese at al.[35]. Peng et al. used the indirect method to 
characterize relaxor ferroelectric Pb0.8Ba0.2ZnO3 thin films which shows a 
giant  K at the transition temperature.  
 In the direct method, the temperature or heat flux is measured directly 
using thermometers or calorimeters. [36-39] Studies by Kar-Narayan et 
al.[36], Lu et al.[39] and Bai et al.[40] have revealed disagreement between 
the direct and indirect methods. Good agreement was found by Goupil et 
al.[41] and in the first principles simulations of Ponomareva et al.[42].  
 The use of thin epitaxial layers enables great flexibility for engineering 
the properties of the ferroelectric layers by varying epitaxial strain, 
composition and thickness. [43-47] However, accurate characterization of 
epitaxial layers confronts many challenges.[26] Thermally stimulated 
leakage current can dominate the pyroelectric current at high temperature 
and fields[48] and so limits understanding of the physics of pyroelectricity. 
Measuring the temperature or entropy change of the epitaxial layers is even 
more challenging compared to bulk materials.  Therefore, better approaches 
are needed to advance the understanding of these effects in thin films. 
 The main objective of this dissertation is to develop novel laser-based 
methods to characterize the pyrolectric and electrocaloric effect of thin films. 
ΔT = 45.3
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These techniques enable us to measure directly the secondary contribution to 
the pyroelectric and electrocaloric effect.  
 This dissertation is organized as follows: 
 Chapter 2 presents the wide frequency range, laser-based pyroelectric 
technique. The design and implementation of the pyroelectric system are 
developed from Time Domain Thermoreflectance (TDTR) setup. A heat 
transport model to calculate the temperature oscillation caused by the 
modulated laser power is described in detail. Sample preparation, thermal 
response, detail setup, phase correction and sensitivity of the measurement 
to parameters in each frequency regime are discussed. 
  In Chapter 3, the pyroelectric measurement technique is applied to 
characterize (BaSr)TiO3 (BST) and Pb(ZrTi)O3 (PZT) epitaxial films grown on 
SrTiO3, DyScO3 and GdScO3 by pulse laser deposition (PLD). With a wide 
frequency range (1 Hz – 10 MHz), this method provides a unique way to 
measure the secondary pyroelectric effect in thin films clamped on substrates 
by analyzing the difference between the pyroelectric coefficients at high and 
low frequencies. A theory of the substrate clamping effect in thin films is 
described. The secondary pyroelectric effect is found to be approximately 15% 
and 20% of the total response for PZT and BST films respectively and has the 
same dependence on applied field as the pyroelectric coefficient. 
 In Chapter 4, we present a laser-based electrocaloric technique to 
measure the electrocaloric effect directly. Implementation, heat transport 
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model to relate the measured temperature at the sample surface to the heat 
flux created by the electrocaloric effect and sensitivity of the technique to 
parameters are described in detail.  
 In Chapter 5, we discuss the applications of the pyroelectric and 
electrocaloric techniques to measure the pyroelectric and electrocaloric effects 
of PZT epitaxial layers as a function of temperature and electric field. Using 
ability to measure both the pyroelectric and electrocaloric coefficient 
independently, we can quantify the secondary electrocaloric contribution to 
the total electrocaloric effect, which is created by a combination of 
piezoelectric and elastocaloric effects.  
 In Chapter 6, we turn to PZT films fabricated by sol-gel method, which 
has been mainly used to create materials with a giant electrocaloric effect. 
Details of fabrication process are described. XRD and RBS measurement is 
used to characterize crystal structure, composition and thickness of films. 
PZT films have (100) preferred orientation and tetragonal symmetry. The 
pyroelectric coefficient is measured to be ~ 135 W m-2 K-1 and the secondary 
contribution is not observed. 
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CHAPTER 2  
 
PYROELECTRIC MEASUREMENT 
 
Sections of this chapter have been published in “Secondary pyroelectric effect 
of epitaxial layers revealed by wide-frequency range measurement of the 
pyroelectric coefficient”, T. Tong, J. Karthik, Lane W. Martin, and David G. 
Cahill, Phys. Rev. B 90, 094116 (2014)  and “Reduction of the electrocaloric 
entropy change of PbZr0.2Ti0.8O3 epitaxial layers due to an elastocaloric 
effect”, T. Tong, J. Karthik, R. V. K. Mangalam, Lane W. Martin, and David 
G. Cahill, Phys. Rev. B 90, 094116 (2014) 
2.1 Introduction  
In this chapter, we describe the wide range frequency pyroelectric 
measurement using modulated intensity laser combined with multilayered 
thermal transport model.  The pyroelectric coefficient is defined as the 
change of the spontaneous polarization to the temperature , here P is 
the polarization and T is temperature.  To facilitate the measurement of the 
pyroelectric coefficient, a capacitor structure often is fabricated with top and 
bottom electrodes and materials under study sandwiched in between. The 
temperature then is changed either using a heating stage with periodic 
Π = dPdT
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temperature change[9] or light[23] [24], which is absorbed to produce the 
temperature change.  The pyroelectric current response to the polarization 
change is described as following: 
   (2.1)
 
 
Here t is time. We noted that for small temperature change ,  could 
be considered a constant at that temperature and the current only depends 
on the rate of temperature change. This means the faster temperature 
change, the higher response current. Hence, it is difficult to achieve a large 
current using the heating stage-based method with low frequency 
temperature change.  The light-based method can overcome this limitation. 
In 1955, Chynoweth[23] at Bell Laboratory developed a dynamic method to 
measure the pyroelectric effect. Although, it does not provide a quantitative 
calculation for the pyroelectric coefficient, it provided a good direct method to 
study the pyroelectric effect under applied electrical field and at elevated 
temperature. Later, Lang et al. developed the Laser Intensity Modulation 
Method (LIMM) [24] to measure the spatial distribution of polarization. The 
frequency modulation of the laser intensity of LIMM is from 100 Hz to 100 
kHz.  
 We constructed a wide range frequency measurement system, which 
allows us to measure the pyroelectric coefficient of thin films. This system 
combines an optical setup to and a novel analytical model, which enable to 
calculate the temperature change within the thin films under periodic 
i = dPdt =
dP
dT
dT
dt =Π
dT
dt
ΔT dP / dT
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heating of the laser power. Below, we will present the optics and electrical 
instrumentation. 
2.2 Sample preparation and thermal conductivity 
measurement 
Capacitor structures are fabricated to facilitate the pyroelectric 
measurement. Layers under study are deposited on substrates which have 
electrically conductive layers on top. These layers will play a role as the 
bottom electrodes of the devices. Circular top electrodes with radius of 50 µm 
and 100 µm are patterned by photolithography. Any metal which can 
efficiently absorb the laser power can be used as the top electrode. Here, we 
choose Vanadium (V) because of its compatibility with the fabrication 
process. The thermal conductivity of V is measured by a 4-point probe 
system. The thermal conductivity of the films is measured by Time Domain 
Thermoreflectance technique. [49] The thickness of the V layer is measured 
by picosecond acoustics. [50]  
2.3 Pyroelectric measurement setup 
 Figure 2.1 is the schematic diagram of the pyroelectric measurement. 
A laser modulated by an Electro-Optic Modulator (EOM) is focused on a 
capacitor structure to create temperature oscillations. The pyroelectric 
current is measured by a lock-in amplifier, which is synchronized with the 
laser modulation by a function generator.  We modified the available optical 
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setup of Time Domain Thermorefectance (TDTR) [49] technique at Materials 
Research Laboratory at Illinois (UIUC).  The schematic in Figure 2.2 includes 
the essential components of our system. The Ti:sapphire vertically polarized 
laser emits a train of pulses with duration of ~ 0.1ps and repetition rate of ~ 
80 MHz. The wavelength is tunable between 710-900 nm. The laser beam is 
passed through an optical isolator to prevent the back reflections and is 
attenuated by combining a ½ waveplate with a polarizer in the optical 
isolator.  The beam is split into a pump and probe beam by a polarized beam 
splitter (PBS). The power of the pump beam is modulated by an Electro-Optic 
Modulator (EOM) at frequency f (f = 1 Hz – 10 MHz) to create a square-wave 
modulation on the beam. The bias voltage is adjusted to minimize the output 
laser power (below 1% of the total power) when the EOM is in the OFF state.  
To do that, we set the modulation frequency below 1Hz then measure the 
laser power while adjusting the bias voltage. The laser power measured after 
the EOM is ~ 1 – 10 mW.  The laser beam then is focused on the sample 
surface using an objective lens. In our lab, objective lens 2X, 5X, 10X and 20X 
are used to create rms laser spot sizes of ~ 28, 11.7, 6.1 and 2.7 µm 
respectively. A CCD camera placed on the path of the reflective beam from 
the sample surface plays a role as a microscope. It enables imaging of the 
sample surface to know if the laser is focused on the sample surface and 
where the laser beam is focused on. It also helps to position the micro tip to 
make contact with the top electrode of samples. The Ti:Sapphire laser is used 
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in our setup due to its availability of MRL facility, however in principle, we 
can use either continuous or pulse laser. 
 
Figure 2.1 Schematic description of the pyroelectric measurement 
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Figure 2.2 Detail of optical setup of the pyroelectric measurement 
 
 The samples are mount to a stage using conductive silver paint. We 
use a micro tip to make contact with the top electrode and a micro-positioner 
to move the tip precisely within micrometer range.  The contact with the 
bottom electrode can be made easily by scratching the samples and then 
pouring the conductive silver paint on top of it. We only need to make sure 
the scratches are deep enough to touch the bottom electrode. Often, it is good 
enough to make a contact by pouring the silver paint over the edge of the 
samples.  It is convenient for positioning the tip with the help of the CCD 
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camera if using only one probe tip. We use the Signatone Shield probe tip 
holder which includes a 24” 50Ω mini coax cable with BNC termination. The 
cable is then connected to the external equipment, e.g., the lock-in amplifier 
through 50Ω BNC cable. To apply voltage on the samples, a programmable 
power supply is used. The circuit is described in Figure 2.3 
 
 
Figure 2.3 Schematic diagram of connection of the devices to external 
instrument and the equivalent circuit. 
 
 RIn is the input impedance of external instrument. Here we can 
describe the device and effect of the capacitance of the cable by an equivalent 
circuit which includes a capacitor, CD and a current source, IP in parallel. CD 
is effective capacitor of the device and cables. If the total capacitance ZC = 
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1/ωCD >> RIn the capacitance will have no effect on the measurement. There 
are several ways to prevent the capacitance effect: 1) use low input 
impedance; 2) minimize the device capacitor by reducing the top electrode 
area and the cable capacitor by reducing the length of the cable; 3) use low 
modulation frequencies.  When taking into account the capacitance, the 
signal will be suppressed by a factor . 
  To maximize signal-to-noise ratio, we used three different 
configurations for three frequency regimes. For low frequency regime, f < 1 
kHz, the devices are connected directly to an audio-frequency lock-in 
amplifier (SR830) operating in the current mode. In this mode, the input 
impedance of SR830 is 1 kΩ and the pyroelectric current will pass through 
this resistor to convert into a voltage signal which will be measured by the 
lock-in amplifier. Advantage of working in this current mode is that the lock-
in amplifier can measure very small currents (~pA).  Hence it is suitable for 
measuring the pyroelectric current which is very small at low frequencies 
while the effect of the capacitance is negligible. At higher frequencies, the 
capacitance will reduce the signal.  For   1 kHz < f < 100 kHz, to minimize the 
effect of the capacitance, the devices are connected to a low noise pre-
amplifier (SR445A) before passing through the lock-in amplifier. Noted that 
the upper limit frequency 100 kHz is determined by the highest working 
frequency of the lock-in amplifier SR830.  The pre-amplifier has an input 
impedance of 50 Ω which will suppress the capacitance effect.  The output of 
1/ (iRInCDω +1)
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the preamplifier is connected to SR830 which is set to the voltage mode. In 
the voltage mode, SR830 has high-Z impedance. The gain of the preamplifier 
is 2 times higher than the setting value because it is fed to a high-Z load.  
 For 100 kHz < f < 10 MHz, we used the rf lock-in amplifier (SR844) 
instead of SR830. The most important difference between SR844 and SR830 
is that SR830 can measure harmonic of frequencies separately while SR844 
is mixed with a square-wave signal as a result, it detects all odd harmonics. 
To remove that odd harmonics, we used a programmable low-pass filter.  
Because the filter has the input impedance of 50 Ω, we removed the 
preamplifier then replaced it by the filter. The attenuation slop is set to be 
24dB/octave and gain is 1. We found that the cut-off frequency 2 times higher 
than the modulation frequency is good enough to remove the odd harmonics. 
 The function generator generates the square-wave signal at the 
frequency f for the EOM and plays a role as the reference signal for the lock-
in amplifier.  All equipment (lock-in amplifier, function generator, 
programmable filter, programmable power supply) are controlled by a 
computer via GPIB ports by Labview. The output of the lock-in amplifier has 
two parts: in-phase X and out-of-phase Y.  These values are in-phase and out-
of-phase components of the measured pyroelectric, which are recorded, then 
fit with a thermal transport model to extract the pyroelectric coefficient. 
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2.4 Heat transport theory 
 In our measurement, the samples are heated by a periodic heat source, 
specifically a laser power modulated by a square wave at frequency f.  This 
will create a temperature change which has two parts: a steady-state 
temperature change (DC part) and a oscillating temperature change which 
includes first harmonic f and its odd harmonics 3f, 5f ... However, as 
described above, only first harmonic is measured, hence we can consider the 
heat source as an sinusoidal wave power  with amplitude P0 related 
to the measured laser power after EOM Pm by . Eq. (2.1) can be 
written in frequency domain as   
   (2.2) 
Therefore, the central problem here is to calculate the temperature to 
extract the pyroelectric current .  
 The multiple-layer heat transport problem by a periodic heating source 
is solved very nicely in TDTR technique[49], and later expanded and solved 
for the bidirectional heat transport problem by Schmidt[51]. Essentially, 
those works provided solutions for the temperature change at the position 
where the laser power absorbed. Here, I applied the same methodology to 
calculate the temperature oscillation within the film. 
  
P = P0eiωt
P0 =
4
π
Pm
I(ω ) =ΠiωT (ω )
T (ω )
Π
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Figure 2.4 A typical configuration of our samples in which a Gaussian-shape 
laser beam with a power P0 and 1/e2 radius w0 is absorbed at the top layer 
(V). The ferroelectric film is sandwiched between two electrodes. In general, 
two electrode does not need to be the same material and number of layers is 
not limited. For example, for our samples, the top electrode includes two 
layers: SrRuO3 and V. 
 
  In cylindrical coordinate, we calculate the oscillating temperature 
 at radius r and distance z (z is calculated to the interface of the 
ferroelectric film and the right above layer) (See Figure 2.4). f is the 
frequency of the heating source, . We start from relation between 
heat flux and temperature in frequency domain at the top and bottom of a 
homogeneous slab with the thermal conductivity , specific heat capacity C 
and thickness d (See Figure 2.5) 
 
Figure 2.5 1D heat transport in a homogenous slab 
 
T ( f ,r, z)
f =ω / 2π
Λ
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Heat is transferred in one direction from the top to bottom is governed by 
following equation: 
   (2.3) 
Here . For a configuration of N layers, we can write the similar 
relation: 
   (2.4) 
Here Mj (j = 1, N) is individual matrix of each layer.  is a heat 
transport matrix of the N layers.  
Applying this equation to our problem, we have following equations 
   (2.5) 
          
(2.6) 
Here, TS, Tb, Tz and FS, Fb, Fz are temperature and heat flux at the surface of 
samples, the bottom of samples and position z.  and 
are the heat transport matrixes of the entire sample and a part of the sample 
from distance z to the surface. Applying boundary condition , Tz can be 
calculated as following from Eq. (2.5) and (2.6): 
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   (2.7) 
For our problem, we have Gaussian distributed laser power. Hence a 
convenient method is to use Hankel transform to convert the laser power 
distribution from real space into k-space. Tz is calculated in k-space using 
Eq.(2.7) and is  converted back to real space. 
The laser power can be described as following: 
   (2.8) 
Here P0 is the amplitude of the absorbed laser power and w0 is 1/e2 radius. 
The Hankel transform of F(r) is 
   (2.9) 
We note that Eq. (2.3) - (2.7) are still valid for our case where the heat is not 
only transported to the substrate but also spread out laterally. As shown in 
[51], the only difference is  instead of   to include 
the lateral heat distribution. Combining Eq. (2.9) and (2.7) we have: 
   (2.10) 
Taking the inverse Hankel transform of Tz gives us the final solution of T(f, r, 
z) in real space 
   (2.11) 
Here J0(kr) is the zero-oder Bessel function. 
Tz = (−Az
D
C + Bz )FS
F(r) = 2P0
πw02
exp − 2r
2
w02
⎛
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F(k) = P02π exp −
k2w02
8
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2.5 Temperature calculation 
 In this section, we will calculate the temperature oscillation T(f, r, z) 
for a typical sample structure of our measurement. The sample has five 
layers, 150 nm V/ 20 nm SrRuO3 (SRO)/ 150 nm Pb(ZrTi)O3 (PZT)/ 20 nm 
SrRuO3/ DyScO3 (DSO) substrate. The thermal conductivity and heat 
capacity of V, SRO, PZT and DSO is shown in Table 2.1. The thermal 
conductivity of SRO, PZT and DSO is measured using TDTR technique. 
Table 2.1 Thermal conductivity and heat capacity of V, SRO, PZT and DSO 
 
 Thermal Conductivity 
(W m-1 K-1) 
Heat Capacity 
(J cm-3 K-1) 
V 21 3.0(a) 
SRO 3.8 3.0(b) 
PZT 1.5 2.74(c) 
DSO 2.7 2.7 
aRef. [79] 
bRef. [78] 
cRef. [77] 
 
The laser power P0 is 1mW and the laser spot size is 10 µm. Figure 2.6 plots 
T(f, r, z) at the interface between the top electrode and PZT as a function of 
radius r  for different frequencies from 1 Hz to 10 MHz. We can see that the 
temperature has a Gaussian-like distribution shape with maximum 
temperature change is ~ 11.8 K at the center and decays with the increasing 
radius. At low frequencies, heat is spread out further than at high 
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frequencies. Figure 1.7 shows T(f, r, z) as a function of distance z at the 
center (r = 0). The temperature slightly decreases with increasing z.  
 
Figure 2.6 Temperature oscillation T(f, r, z) at the interface between the film 
and the top electrode (z = 0) as a function of radius r at different frequencies 
from 1 Hz to 10 MHz. The laser power P0 = 1 mW, the laser spot size w0 = 10 
µm. The sample structure includes 150 nm V/20 nm SrRuO3/150nm 
Pb(ZrTi)O3/20 nm SrRuO3/DSO substrate. 
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Figure 2.7 Temperature oscillation T(f, r, z) as a function of distance z at 
radius r = 0  and different frequencies from 1 Hz to 10 MHz. The laser power 
P0 = 1 mW, the laser spot size w0 = 10 µm. The sample structure: 150 nm 
V/20 nm SrRuO3/150nm Pb(ZrTi)O3/20 nm SrRuO3/DSO substrate. 
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 For the pyroelectric measurement, the pyroelectric current is collected 
by the top electrode. This current can be expressed as a sum of the currents 
created by dipole moments in a volume under the top electrode. Hence, for a 
circular top electrode, the total pyroelectric current can be written as 
   (2.12) 
or 
  (2.13) 
Here, a is radius of the top electrode, h is the thickness of films. Tavg(f) is 
defined as the average temperature oscillation: 
   (2.14) 
Note that Tavg(f)  is a complex with a amplitude to be the amplitude of the 
temperature oscillation and a phase angle to be the phase lag between the 
temperature oscillation and the heat flux at the sample surface. Figure 2.8 
shows Tavg(f) as a function of frequency. At low frequencies f < 100 Hz, the 
temperature is almost constant and decreases quickly with increasing 
frequencies. It decreases even faster for f > 1 MHz. The phase angle is shown 
in Figure 2.9. At low frequencies f < 100 Hz, the phase angle is small which 
indicates that the heat flux and the temperature are in-phase, while at 
middle frequencies (1 kHz < f < 100 kHz), the phase difference is about 45o.  
 To understand how the heat flux is transported to the substrate, we 
compare the thermal penetration in the substrate,  to the laser 
I( f ) = i2π fΠπa2 1hπa20
h
∫
0
a
∫ T ( f ,r, z)2πrdrdz
I( f ) = i2π fΠπa2Tavg ( f )
Tavg ( f ) =
1
hπa2 T ( f ,r, z)2πr dr dz0
h
∫
0
a
∫
d = Λ / (π fC)
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spot size w0.  At low frequencies (f < 1 kHz), d > w0 and heat spreads both 
laterally and perpendicular to the substrate surface. In the low frequency 
limit, the temperature change is in-phase with the heat flux and scales with 
1/Λsub, where Λsub is the thermal conductivity of the substrate. In the high 
frequency limit (f > 1 MHz), d <w0 and heat transport is approximately one-
dimensional, normal to the surface of the sample, and the temperature 
change is mainly determined by the thermal properties of the films (PZT). At 
intermediate frequencies (1 kHz < f < 100 kHz), the temperature change is 
proportional to  which results in a ≈45° difference between the 
heat flux and Tavg(f). 
 
 
1/ iωΛsubCsub
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Figure 2.8 The average temperature within the top electrode radius and PZT 
film thickness as a function of frequency from 1 Hz to 10 MHz. The laser 
power P0 = 1 mW, the laser spot size w0 = 10 µm, the top electrode radius a = 
50 µm. The sample structure: 150 nm V/20 nm SrRuO3/150nm Pb(ZrTi)O3/20 
nm SrRuO3/DSO substrate. 
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Figure 2.9 The phase angle between Tavg(f) and the heat flux at the surface of 
the sample. 
 
 Figure 2.10 shows the temperature Tavg(f) as a function of frequencies 
calculated for different film thicknesses (100 nm, 1 µm and 10 µm). We see 
that that with increasing of the thickness, the temperature drops faster with 
increasing frequencies. However, for f < 1 kHz, the temperatures are the 
same for 3 cases. It can be explained by considering the fact that at low 
frequencies when the thermal penetration depth d much larger than the film 
thickness, the temperature is uniform across the film thickness and 
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determined by the thermal conductivity of the substrate. At higher 
frequencies, the temperature is significantly decreased with the film 
thickness so the overall average temperature is smaller. To see how the film 
thickness affects the pyroelectric measurement, we calculate the pyroelectric 
current based on Eq. (2.13) (  is set to 1). The result is shown in Figure 2.11. 
The pyroelectric current does not increase with the frequency higher than 1 
kHz for the thick film (h = 10 µm).  
2.6 Experimental data 
 As described in section 2.2, the laser intensity is modulated by a 
square-wave. As a result, the temperature oscillation is composed of odd 
harmonics. To confirm that we measured the pyroelectric current at f, 2f, 3f, 
4f, 5f while maintaining the same laser power. The lock-in amplifier is set to 
detect each harmonic. For even harmonics, there is no pyroelectric current. 
For odd harmonics, the pyroelectric current is measured and plotted in 
Figure 2.12. Because the pyroelectric current is proportional to frequencies, it 
is also proportional to harmonic index number (n). However, the laser power 
amplitude at harmonic n is proportional to 1/n (see Fourier transform of a 
square-wave). Hence, the pyroelectric current at harmonics only depends on 
the temperature oscillation at f, 3f, 5f ... with the same laser power. 
 
  
Π
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Figure 2.10 The average temperature within the top electrode radius and 
film thickness as a function of frequencies from 1 Hz to 10 Mhz for PZT film 
thicknesses of 100 nm, 1 µm and 10 µm. The laser power P0 = 1 mW, the laser 
spot size w0 = 10 µm, the top electrode radius a = 50 µm. The sample 
structure: 150 nm V/20 nm SRO/ PZT/20 nm SRO/DSO substrate. 
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Figure 2.11 The pyroelectric current calculated from Eq. (2.13) as a function 
of frequency. The pyroelectric coefficient  is set to be 1. The laser power P0 
= 1 mW, the laser spot size w0 = 10 µm, the top electrode radius a = 50 µm. 
The sample structure: 150 nm V/20 nm SRO/ PZT/20 nm SRO/DSO substrate. 
 
 In section 2.5, we have presented the phase angle of the temperature 
oscillation. The measured phase angle of the pyroelectric current is related 
directly to one of the temperature oscillation but more complicated due to the 
phase shift introduced by electronics. Figure 2.13 shows a schematic 
representation of the relative phases between laser power, pyroelectric 
current and temperature. The pyroelectric current leads the oscillating 
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temperature by 90° (the pyroelectric current is proportional to derivative of 
the temperature to time) while the temperature lags behind the heat flux at a 
phase angle which depends on frequency as described in section 2.5. The 
phase angle of the pyroelectric current is measured by the lock-in amplifiers. 
However, at high frequencies the measured phase angle of the pyroelectric 
current is also affected by the electrical components. Hence, to accurately 
measure the phase of the pyroelectric current, we replace the sample with a 
photodiode and measure the current generated by the photodiode under an 
incident laser power with the same electronics. The phase angle of the 
photodiode is used to correct for the electrical phase shifts.  The corrected 
phase of the pyroelectric current is the difference between the measured 
phase of the pyroelectric current and the phase of the photodiode current. 
The rise-time of the photodiode is  ~ 1 ns.     
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Figure 2.12 The measured pyroelectric current as a function of frequency at 
1st, 3rd and 5th harmonics without a low-pass filter. The sample structure is 
Pt(150nm)/Cr(10nm)/PZT(180nm)/SRO(25nm)/DSO. The laser power is 5 
mW, laser spot size is 4.7 µm. Note that the frequencies at 3rd and 5th 
harmonics are scaled by a factor of 3 and 5 respectively for easy comparison.  
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Figure 2.13 Relative phases of the oscillating heat flux, F, temperature 
oscillations created by the heat flux, T(f), and the measured ac current, I(f). 
When non-pyroelectric currents are negligible in comparison with the 
pyroelectric current, the measured current leads the temperature change by 
90°. The temperature change lags the heat flux by a phase angle, , that 
depends on frequency. The phase angle of the current, , is measured by 
the lock-in amplifier. 
 
 Ideally, the photodiode current is in the same phase with the heat flux. 
However, as shown in Figure 2.14, at f > 200 kHz, there is a significant phase 
shift caused by the electronic components. Noted that with a high speed 
photodiode (rising time ~ 1 ns, approximately a frequency in order of GHz), 
the capacitance of the photodiode does not introduce a phase shift within the 
frequency range of our measurement. Hence, the measured phase shift can be 
used as a correction for the measured phase of the pyroelectric current. 
However, the capacitance effect of the sample cannot be corrected by this way 
as discussed below. 
 
ϕ(T )
ϕ(I )
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Figure 2.14 The phase shift introduced by electrical components measured by 
replacing the sample with a photodiode.  
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Figure 2.15 Frequency dependence of the amplitude of the pyroelectric 
current. Measured data are shown as open circles and the solid line is the 
model calculations for a fixed value of the pyroelectric coefficient. (b) The 
measured phase angle of the current (open circles), , and the phase angle 
of the pyroelectric current (solid line) calculated from the phase angle of the 
temperature,  for the BST/STO sample at zero bias voltage. The 
good match between the measured and calculated phase supports our 
assertion that non-pyroelectric currents are negligible in these experiments. 
The sample structure is V(150 nm)/ SRO (20 nm)/ BaSrTiO3 (150 nm)/ 
SRO(25nm)/ SrTiO3. The laser power is 6 mW, laser spot size is 10.3 µm. 
 
 Figure 2.15 compares the experimental data and model calculation for 
the amplitude and phase of the pyroelectric current relative to the heat flux. 
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The pyroelectric coefficient is only parameter to be adjusted to get the best fit 
to the data. At low frequencies (f < 1 kHz), the temperature change is 
in-phase with the heat flux and scales with 1/Λsub, where Λsub is the thermal 
conductivity of the substrate. In this low-frequency limit, the amplitude of 
the pyroelectric current is proportional to ω, the temperature is in-phase with 
the heat flux, and the phase of the pyroelectric current leads the heat flux by 
90 degrees.  
  At high frequencies, f  > 3 MHz, the capacitive reactance of the device 
and cables are comparable to the R=50 Ω input impedance of the lock-in 
amplifier used in the pyroelectric measurement. Therefore, the signal is 
suppressed by a factor  where C is effective capacitance of the 
device and cables. We adjust C to have the best fit at high frequencies and 
find values of C in range of 300 – 400 pF. For our measurement, capacitances 
of the devices is on the order of 100 pF and the total BNC cable length is ~2.3 
m. Since a typical BNC RG-58 cable has a capacitance of ~100 pF/m, our 
fitting data of C is on the order of the total equivalent capacitance of the 
circuit. 
At intermediate frequencies (1 kHz < f < 200 kHz), the temperature 
change is approximately proportional to  which results in a ≈45° 
difference between the pyroelectric current and the heat flux. The heat flux 
and amplitude of the pyroelectric current therefore scales with . 
1/ (iRCω +1)
1/ iωΛsubCsub
1/ ω
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2.7 Sensitivity of the pyroelectric measurement 
To evaluate the accuracy of measurement due to the propagation of 
errors from the values of the material properties, we define the sensitivity of 
the temperature response to each parameter in the thermal model by: 
   (2.15) 
Where β is one of the parameters in the thermal model, i.e., thermal 
conductivity Λ, heat capacity C, or thickness h of each layer. In Figure 2.16, 
we plot the sensitivity of the temperature calculation to the most important 
input parameters in the thermal model as a function of frequency. At low 
frequencies, the calculation is mostly sensitive to Λsub while at high 
frequencies the heat capacity and thickness of V and PZT are the most 
important parameters. At intermediate frequencies, the thermal effusivity of 
the substrate, , is the most important parameter. 
  
Sβ ( f ) =
∂lnTavg ( f )
∂lnβ
esub = ΛsubCsub
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Figure 2.16 Sensitivity of the calculated amplitude of the temperature 
oscillations, see Eq. (2.15), as a function of selected parameters in the 
thermal model as a function of heater frequency for a PZT film on a DSO 
substrate. The radius of the top contact is 50 µm. Sensitivity to the laser 
power is unity.  
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CHAPTER 3  
 
SECONDARY PYROELECTRIC 
EFFECT OF THIN FILMS 
 
Sections of this chapter have been published in “Secondary pyroelectric effect 
of epitaxial layers revealed by wide-frequency range measurement of the 
pyroelectric coefficient”, T. Tong, J. Karthik, Lane W. Martin, and David G. 
Cahill, Phys. Rev. B 90, 094116 (2014) 
3.1 Background and theory 
 A principle application of pyroelectricity is in detectors of infrared 
radiation. [1] More recently, novel application of pyroelectric materials have 
employed epitaxial layers and microfabricated devices to enable new 
functions, e.g., high frequency thermal-to-energy conversion. [15,52] The use 
of thin epitaxial layers enables engineering of the properties of the 
ferroelectric layers by varying epitaxial strain and composition.[43-47] The 
relative roles of intrinsic, extrinsic, and secondary effects are not well 
established. [5-7] Typically, the change in polarization with increasing 
temperature is attributed to increasing thermal disorder of electric dipoles. 
Using molecular dynamics studies, Peng and Cohen recently showed that the 
origin of pyroelectricity of LiNbO3 is the result of changes in crystal structure 
with temperature driven by anharmonicity of lattice vibrations. [8] 
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  A measurement of the pyroelectric coefficient dP/dT is the sum of the 
primary pyroelectric coefficient (what would be measured if the sample could 
be held at constant strain) and the secondary pyroelectric coefficient which 
arises from the fact that pyroelectric materials are also piezoelectric and thus 
thermal expansion (or, more specifically, thermal expansion mismatch 
between a substrate and thin film) gives rise to a shape change and 
corresponding stress that can drive an additional change in the polarization 
with temperature. [9,13,53] Studies of the secondary pyroelectricity of bulk 
materials have been carried out by many researchers and have been reported 
to be both negligible[54] and highly significant[55-57] in different systems.  
 In pyroelectric measurement of a thin film on a thick substrate, the 
film is free to expand in the thickness direction. However, in the in-plane 
direction, a film is constrained by its substrate. For the case of a film 
attached to a substrate and the bulk substrate temperature is fixed, the 
“planar-clamped” pyroelectric coefficient, , is described by (see Eq. 8 of Ref. 
[13]) 
   (3.1) 
Here  is the pyroelectric coefficient at constant stress,  is the 
piezoeletric coefficient,  is the thermal expansion coefficient of the film,  
and  are components of the elastic compliance tensor of the film. If the 
Π1
Π1 =Π−
2d31α1
s11 + s12
Π d31
α1 s11
s12
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substrate has the same temperature change as the film, the effective 
pyroelectric coefficient,  is (see Eq. 9 of Ref. [13]) 
   (3.2) 
Here, is the thermal expansion of the substrate. These relationships 
between the pyroelectric and piezoelectric effect (Eq. (3.1) and Eq. (3.2)) are 
general and independent of the composition of the films. 
 We applied a laser-based method to measure the pyroelectric 
coefficient of epitaxial layers over a wide frequency range. Ba0.6Sr0.4TiO3 
(BST) and PbZr0.2Ti0.8O3 (PZT) epitaxial layers are measured under varying 
static electric fields. The BST and PZT are selected as the subject of our study 
because deposition conditions and lattice structures are well established. 
[58,59] At high heating frequencies, the thermal diffusion distance is small 
compared to the lateral size of the capacitor structure we use to measure the 
pyroelectric coefficient; the measured pyroelectric coefficient is described 
by Eq. (3.1). At low heating frequencies, the thermal diffusion distance is 
large compared to the lateral size of the capacitor and the measured 
pyroelectric coefficient is described Eq. (3.2). Thus, by comparing 
measurements at high and low frequencies, we determine the contribution to 
the pyroelectric coefficient from in-plane thermal expansion. 
. 
Π2
Π2 =Π−
2d31(α1 −α1s )
s11 + s12
α1s
1Π
2Π
2 1 31 1 11 122 / ( )sd s sαΠ −Π = +
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3.2 Sample preparation  
Capacitor structures are fabricated from heterostructures of 20 nm 
SrRuO3/150 nm BST or PZT /20 nm SrRuO3 grown on SrTiO3 (STO), DyScO3 
(DSO), or GdScO3 (GSO) substrates by pulsed-laser deposition and an MgO 
hard mask. [59] SrRuO3, PbZr0.2Ti0.8O3 and Ba0.6Sr0.4TiO3 layers were 
fabricated by pulsed-laser deposition employing a KrF excimer laser 
(wavelength = 248 nm). Ceramic SrRuO3, Pb1.1Zr0.2Ti0.8O3 and Ba0.6Sr0.4TiO3 
targets were used for the growth. The SrRuO3 layer (thickness = 20 nm) was 
deposited at 630 °C in an oxygen pressure of 100 mTorr with a laser fluence 
of 1.75 J/cm2 at a laser repetition rate of 12 Hz. PbZr0.2Ti0.8O3 and 
Ba0.6Sr0.4TiO3  films (thickness = 150 nm) were grown from PZT and BST 
targets respectively with the same compositions. After growth, all the 
samples were cooled in 700 Torr pressure of oxygen to room temperature at 5 
K/min. The thickness of the films is determined by deposition time and rate, 
which is calibrated for each material. The patterned SRO top electrode is 
fabricated using an MgO hard mask. SrRuO3 (SRO) is used as top and bottom 
electrodes because of its good metallic conductivity and lattice matching with 
perovskite substrates. These capacitor structures enable us to efficiently 
collect the pyroelectric current produced by heating the PZT or BST films 
with a modulated laser.  
The radius of SRO top electrodes is 50 µm or 100 µm. Vanadium (V) 
films, ≈150 nm thick, are sputtered on top of the SRO top electrodes to 
 43 
produce an optically opaque layer that absorbs the incident laser power. Any 
metal which can efficiently absorb the laser power can be used as the top 
electrode. Here, we choose V because of its compatibility with the fabrication 
process.  
3.3 Measurement of Secondary Pyroelectric Effect 
 As described in sec 2.6, the pyroelectric coefficient is adjusted to get 
the best fit between the data with the modeling. However, as shown in Figure 
2.1(b), at low frequencies the measured current is higher than predicted by 
the model when using a pyroelectric coefficient fit to the high frequency data. 
If instead we adjust the pyroelectric coefficient to fit the experimental data to 
the model calculation at each frequency, we find dP/dT ≈ -230 µC m-2 K-1 for f 
< 1 kHz and dP/dT ≈ -170 µC m-2 K-1 for f  > 10 kHz, see Figure 3.1(a).  
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Figure 3.1 Frequency dependence of the pyroelectric coefficient of the 
Ba0.6Sr0.4TiO3 layer grown on a SrTiO3  substrate.  The radius of the top 
contact of the devices is (a) 50 µm and (b) 100 µm. 
 
The apparent frequency dependence of dP/dT is explained by the 
secondary contribution to the total pyroelectric current due to the 
combination of the piezoelectric effect and the thermal expansion of the film 
and substrate. At low frequency, the thermal penetration depth is large to 
the radius of the device and the film expands or contracts with the substrate 
in the plane of the film. As a result, an additional current is generated by the 
polarization change that arises via the piezoelectric effect. At high frequency, 
the lateral dimensions of the film do not change because the film is clamped 
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to the substrate and the near surface layer of the substrate cannot expand 
laterally. Therefore, at high frequency, the contribution to the secondary 
pyroelectric from the lateral thermal expansion is zero. The difference 
between the pyroelectric coefficient at low and high frequencies can be 
calculated by subtracting Eq. (3.1) and (3.2)  
  (3.3)    
Typically, is negative which is consistent with our result (  < 0).  
The change in the pyroelectric coefficient is centered at a frequency of 
approximately 3 kHz. This transition frequency is independent of the laser 
spot size: we repeated the measurement with 1/e2 radii of the laser spot sizes 
between 2.5 and 25 µm and observed no change of the transition frequency. 
The transition frequency does depend on the radius of the top contact. For 
devices with a top contact that is a factor of two larger (radius of 100 µm), the 
transition frequency shifts to ≈700 Hz (See Figure 3.1(b)); i.e., the transition 
frequency scales inversely with the square of the radius of the top contact as 
expected if the transition frequency is determined by the condition that the 
thermal penetration depth is comparable to the radius of the top electrode.  
              Our complete set of data for the pyroelectric coefficient of PZT and 
BST films on different substrates (DyScO3 – DSO, GdScO3 - GSO) under DC 
bias voltages at low (20 Hz) and high frequency (20 kHz) are summarized in 
Figure 3.2. To apply a bias voltage to the films, we put the devices in series 
with the input impedance of the lock-in amplifier. One terminal of the voltage 
ΔΠ =Π2 −Π1 =
2d31α1s
s11 + s12
d31 ΔΠ
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source is connected to the top electrode and the other terminal is connected to 
ground potential. Because of the high resistance of the PZT or BST films (> 1 
MΩ), the bias voltage is dropped completely across the films.   
 
Figure 3.2 Hysteresis of the pyroelectric coefficient of PZT and BST films 
measured at  20 Hz and 20 kHz at room temperature. The x-axis of each plot 
is the DC bias voltage that is  applied to the capacitors. The time between 
changes in the bias voltage is ~30 s and the increment between values of the 
bias voltate is 0.2 V. 
 
 We observe hysteresis in the pyroelectric coefficients that resembles 
the polarization measurements. For the PZT samples (Figure 3.2(a),(b)), the 
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rectangular-like hysteresis loop is explained by the fact that the films are 
polarized either up or down with a well-defined coercivity. At the coercive 
voltages, the pyroelectric coefficient changes sign in response to the change in 
polarization between these two states.  
            By contrast, for BST films the pyroelectric coefficient depends on the 
applied field (Figure 3.2(c),(d)). Since the hysteresis loops are narrow, BST is 
better described as a relaxor ferroelectric[60-63]  [64]which typically has a 
broad ferroelectric transition[61] and nanoscale polar regions. [62] For an 
ideal relaxor ferroelectric with randomly oriented nanodomains, the 
pyroelectric coefficient is zero at zero field and increases with increasing field 
because of increasing alignment of the nanodomains under an applied field. 
Our samples are not ideal, however, because the pyroelectric coefficient does 
not vanish at zero field but is instead shifted by a small amount toward 
negative bias voltage. dP/dT eventually saturates at high field when all 
nanodomains are oriented in the field direction. 
 Figure 3.3 shows the electric field dependence of the secondary 
pyroelectric coefficient, i.e., the difference between low and high frequency 
measurements of the total pyroelectric coefficient. Using Eq. (3.3), we 
calculate the inverse piezoelectric constant d31; d31 determined by this 
approach is of the same order of magnitude with reported values for PZT 
films. [65,66] We observe that d31 shows the same behavior as the 
pyroelectric coefficients.  
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 The magnitude of the secondary pyroelectric coefficient provides 
insight about the origin of the pyroelectric effect in these samples. The 
secondary pyroelectric effect has been theoretically studied for epitaxial 
layers. [9,13,67] The secondary contribution for PZT was estimated to be 
approximately 10% of the total response by Karthik et al. using Eq. 3.2 and 
reported value of .[13,67] However, using a thermodynamic model for a 
polydomain PZT thin films, Karthik et al. in a later work predicted a 
secondary pyroelectric contribution as high as 50% of the total response when 
taking into account the strain dependence of the polarization and the strain 
dependence of the volume fraction of domains oriented normal to the film. [9] 
Furthermore, the thermodynamic model predicts that the secondary effect is 
only weakly-dependent on the fraction of out-of-plane oriented domains (c-
domains). Zook’s calculation can be applied to both monodomain and 
polydomain samples because strain dependence of the polarization and the 
volume fraction of domain are both reflected in the piezoelectric coefficient 
. Our result shows that the secondary contribution due to the in-plane 
thermal expansion of the substrate is less than 15% for the PZT films and 
20% for the BST films. In addition, the secondary coefficient is approximately 
the same for PZT films on DSO and GSO substrates. 
 We used piezoresponse force microscopy (PFM) to characterize the 
domain structure of PZT and BST films. The c-domains fraction of the PZT 
film on DSO and GSO is ~ 92% and 75%, respectively, while the BST films 
d31f
d31f
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show no domain structure. This results are consistent with previous studies 
on PZT epitaxial layers  and BST films[62]. The thermodynamic model 
predicts the total pyroelectric coefficient increases with decreasing fraction of 
the c-domain. [67] However, our data shows insignificant differences between 
the total pyroelectric coefficient for the PZT films on the DSO and GSO 
substrate. This could arise from domain wall pining resulting in a smaller 
extrinsic contribution which largely depends on the strain and domain 
fraction. [9] Moreover, the wide range frequency data shows no frequency 
dependence of the pyroelectric coefficient up to 10 MHz. This result suggests 
to us that domain walls are pinned at all frequencies. Recently, Botea at. al 
reported a pyroelectric coefficient (~ 1.9 x 10-3 C m-2 K-1 about 10 times higher 
that our measured values) of PZT epitaxial layers grown on SrTiO3 
substrates. [68] The 90o ferroelectric domains and the compressive misfit 
strain are suggested to be causes for this giant value. More studies are 
needed to directly study the contribution of the domain wall movement to the 
overall pyroelectric coefficient.  
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Figure 3.3 Secondary pyroelectric coefficient of PZT and BST films due to the 
thermal expansion mismatch between the film and substrate as a function of 
the bias voltage. The right-hand axis of each plot is corresponding converse 
piezoelectric coefficient d31 calculated based on Eq.(3.3). 
 
3.4 Conclusion 
 In conclusion, we describe a wide frequency-range method to measure 
the pyroelectric coefficient of epitaxial thin films of pyroelectric materials 
with high accuracy. A multilayer thermal transport model is developed to 
solve the temperature oscillation created by the laser power. By analyzing 
the difference of the pyroelectric coefficients at high and low frequency which 
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is caused by the clamped effect of the films on the substrates, the secondary 
contribution of the pyroelectric coefficient is measured. The secondary 
contribution to the pyroelectric coefficient of the PZT and BST films are 
measured to be ~ 15% and 20% respectively. The piezoelectric coefficient d31 
is calculated from the secondary effect. Our method enables studies of the 
secondary pyroelectric effect of clamped films directly and can be applied to 
studies of materials with potentially large pyroelectric and piezoelectric 
effect.  For example, we speculate that secondary effect could play a 
particularly important role in PZT films with composition near the 
morphotropic phase boundary. 
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CHAPTER 4  
 
ELECTROCALORIC 
MEASUREMENT 
 
 
A part of this chapter has been published in “Reduction of the electrocaloric 
entropy change of PbZr0.2Ti0.8O3 epitaxial layers due to an elastocaloric 
effect”, T. Tong, J. Karthik, R. V. K. Mangalam, Lane W. Martin, and David 
G. Cahill, Phys. Rev. B 90, 094116 (2014) 
4.1 Introduction  
 In this chapter, we describe a laser-based electrocaloric measurement 
using a laser beam to measure directly the temperature change of thin films 
generated by the electrocaloric effect. The electrocaloric effect is an inverse 
effect of the pyroelectricity which describes the reversible temperature 
change of materials under an applied electric field. We use the same 
capacitor structure as described in the pyroelectric measurement for the 
electrocaloric measurement. The electrocaloric effect is introduced by 
applying a sinusoidal voltage to the devices. The temperature change is 
measured by using the top electrode as a thermometer and the laser beam 
will measure change of the reflectivity of the top electrode response to the 
temperature change. 
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4.2 Electrocaloric measurement  
  
 
Figure 4.1 Schematic description of the electrocaloric measurement 
  
Figure 4.1 is the schematic diagram of the pyroelectric measurement. A 
sinusoidal voltage (AC voltage) with an offset (DC voltage) generated by a 
function generator is connected to the device. The frequency range is from 
100 kHz to 10 MHz. The temperature changes created by the 
electrocaloric effect is measured through changes of the optical reflectivity of 
the top electrode by monitoring the intensity change of a laser beam reflected 
from the top electrode. 
 
ΔT
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Figure 4.2 Detail of the optical setup of the electrocaloric measurement 
  
 We use the probe beam instead of the pump beam as in the pyroelectric 
measurement (See Figure 4.2). The probe beam is modulated at ~ 200 Hz by 
a mechanical chopper to suppress noise caused by scattering of the pump 
beam by surface roughness.  The probe beam then is focused on the sample 
surface using an objective lens. Because the top electrode is much larger than 
the laser spot size and the temperature is uniform over the surface (described 
below), the choice of objective lens is not critical and the laser spot size is not 
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important. The reflected probe beam from the sample is focused on a Si 
photodiode by a 300 mm objective lens. The signal from the photodiode which 
has frequency components of f ± 200 Hz is demodulated by the rf lock-in 
amplifier (SR844) at frequency f and a computer-based locking amplifier at 
200 Hz. 
 The temperature change of the top electrode is determined from: [49]  
               (4.1) 
Here,  is the reflectivity of the top electrode,  is the 
thermoreflectance coefficient of the top electrode,  is the voltage signal 
measured by the lock-in amplifier,  is the average dc voltage generated by 
the photodiode, and G is the gain of the pre amplifier. We chose V as the 
thermal transducer because it has a large value of at the 
wavelength of 785 nm [69] and more stable at high temperatures. We 
measure dR/dT  ≈  0.79 x 10-4 K-1 which agrees with the reported data (0.76 x 
10-4 K-1). [69] 
4.3 Heat transport theory 
Under an applying sinusoid voltage, the heat power generated within the by 
the entropy change in adiabatic condition has the form: 
                    
(4.2) 
ΔT (t) = 2G
V (t)
V0
dT
dR R
R dR / dT
V (t)
V0
(1 / R)(dR / dT )
F = dQdt = T
dS
dt = T
dS
dE
dE
dt = TΣE0 2π fe
− i2π ft
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Here,  is the ambient temperature, is the amplitude of the oscillating 
electric field applied to the capacitors, t is time, f is the frequency of the 
oscillating electric field and  or dS/dE is the total electrocaloric coefficient. 
With the same electric field, the heat is proportional to frequency. However, 
the higher frequencies produce lower temperature excursion. Detail of the 
heat calculation enables us to find an optimal working frequency range. The 
heat is carried bidirectionally to the substrate and the top electrode. In our 
experiment, we select reasonable low value of E0 as a trade-off between 
signal-to-noise and linearity of the response. High frequencies ar e required 
to achieve high heat flux to produce a significant temperature change. In our 
electrocaloric measurement, the frequency range is 100 kHz to 10 MHz. The 
electrocaloric coefficient is determined by the heat flux, which can be 
calculated with the knowledge of the measured temperature change at the 
top electrode and the thermal properties of each layer. Since the electrode 
radius (50 µm) is much larger than the thermal penetration depth, 
0.2 - 2 µm, heat transport is approximately one-dimensional. 
The generated heat flux is uniform within the ferroelectric layer. A 
bidirectional heat flow model[51] is used to take into account the heat flux 
distribution over the ferroelectric layers. 
 To quantify the relationship between the temperature at the sample 
surface and the heat generated uniformly within the ferroelectric films; we 
solve the 1D problem for a heat flux generated in a thin slab of ferroelectric 
T E0
Σ
 d = Λ / (π fC) !
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film,  (See Figure 4.3) and then sum the contributions from all slabs. 
Here F is the heat created per volume unit. For each slab, the heat dF 
diffuses to the substrate and the top electrode. We define multiple layers 
from the slab to the substrate to be system and from the slab to the top 
electrode to be system 2. Each system is described by a transport matrix, 
which is multiplication of matrices of individual layers (See section 2.4). We 
write the relation between the temperature and heat flux at the sample 
surface, bottom and the position z: 
   (4.3) 
and 
   (4.4) 
Applying boundary conditions:  (no heat escaped from the surface to 
surrounding); ; total heat flux at z: . We can write: 
   (4.5) 
After some algebra, we have: 
   (4.6) 
Hence the temperature at the sample surface is: 
  (4.7) 
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Replacing F0 by the heat flux of a slab dF; Tt by , the total temperature 
change at the sample surface,  related to heat flux F by: 
  (4.8)  
  
 
Figure 4.3 Thermal model for bidirectional heat conduction into the V film 
and substrate. The film is divided into thin slabs with the thickness of dz. 
The heat flux of each slab, dF, creates a temperature change  at the 
sample surface. The total temperature is sum of the temperature changes
.  is the heat transport matrix for a part of the sample at a 
distance z from the bottom layer and  is the heat transport 
matrix for a part of the sample at a distance z from the top layer. 
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Figure 4.4 Temperature change at the top electrode as a function of frequency 
for different film thicknesses (h = 100 nm, 200 nm and 1 µm). The 
electrocaloric coefficient  µC m-2 K-1; Amplitude of applying voltage E0 
= 1 V; T = 300 K. Sample structure: V (150 nm)/ SRO (20 nm)/ PZT (h)/ SRO 
(20 nm)/ DSO. 
  
 Figure 4.4 shows example calculations of the temperature change at 
the top electrode based on Eq. (4.8) and (4.2). The temperature change 
increases with the increasing frequencies and reaches to maximum at 3 MHz 
– 10 MHz for the film thickness of 100 nm. The peak of the temperature 
change is shifted to lower frequencies when the film thickness increases. 
Furthermore, the maximum temperature change also decreases. The 
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temperature changes are converged at low frequencies. This can be explained 
by considering the fact that at low frequency limit when the thermal 
penetration depth is larger than the film thicknesses, the film thickness has 
no effect on the temperature change at the sample surface. Hence, the 
temperature change only depends on the total heat generated within the film. 
Because the total heat is the same with the same applying voltage, (the heat 
density is smaller but the film volume is higher), the temperature change is 
unchanged. 
4.4 Sensitivity of the electrocaloric measurement 
 
 To evalulate the sensitivity of the electrocaloric measurement, 
we define the sensitivity of the temperature change response to each 
parameter in the thermal model by: 
   (4.9) 
Where β is one of the parameters in the thermal model, i.e., thermal 
conductivity Λ, heat capacity C, or thickness h of each layer. In Figure 4.5 we 
plot the sensitivity of the temperature calculation to the most important 
input parameters in the thermal model as a function of frequency. At low 
frequencies, the calculation is mostly sensitive to Λsub and Csub while at high 
frequencies the heat capacity and thickness of V and PZT are the most 
important parameters.  
Sβ ( f ) =
∂lnTV ( f )
∂lnβ
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Figure 4.5 Sensitivity of the calculated temperature change at the top 
electrode, see Eq(4.9), as a function of selected parameters in the thermal 
model as a function of frequency for a PZT film on a DSO substrate.  
 
4.5 Verifying the thermoreflectance coefficient 
measurement 
 We confirm the accuracy of the measurement of dR/dT by using a 2-
omega method (See Figure 4.6). A metal pattern (Al) is produced by a 
photolithography through a mask on a SiO2 substrate. A sinusoidal voltage is 
applied on the metal line to produce an oscillating temperature at a 
frequency of 2 times of a source frequency. A laser beam is used to probe the 
temperature change through the change of the thermal reflectivity of the 
metal line. By using a thermal model, [70] the temperature change of the 
metal line is calculated and then dR/dT is extracted through Eq. (4.1). 
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dR/dT measured by the 2-omega  method (dR/dT ≈ 0.81 x 10-4 K-1) and the 
TDTR method are in good agreement with each other.  
 
 
Figure 4.6 A schematic of the 2-omega method to measure the 
thermoreflectance coefficient. 
  
 63 
CHAPTER 5  
 
ELECTROCALORIC EFFECT OF 
THIN FILMS 
 
 
Sections of this chapter have been published in “Reduction of the 
electrocaloric entropy change of PbZr0.2Ti0.8O3 epitaxial layers due to an 
elastocaloric effect”, T. Tong, J. Karthik, R. V. K. Mangalam, Lane W. 
Martin, and David G. Cahill, Phys. Rev. B 90, 094116 (2014) 
 
5.1 Background and theory  
Heat engines convert thermal energy to work and pump heat against a 
temperature gradient. While most practical heat engines are based on the 
large entropy difference between the vapor and condensed phases of a 
working fluid, there is increasing interest in using the physics of materials to 
build efficient solid-state heat engines. For example, thermoelectric 
generators use the entropy of charge carriers in semiconductors to convert a 
steady flow of heat to electrical power. Caloric effects in which the entropy of 
a material changes in response to an external field have potential application 
in energy scavenging and solid-state refrigeration. [25,26] 
Our work is focused on the electrocaloric effect where the entropy of a 
material is modulated by an electric field. While the inverse of the 
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electrocaloric effect, the pyroelectric effect, has been widely studied, the 
electrocaloric effect is less studied due, in part, to the significant 
experimental challenge of direct measurements of the temperature change. 
The total pyroelectric coefficient can be described as the sum of primary 
and secondary contributions: [10] 
 
 
 (5.1)  
Where P is the electrical polarization, and T is temperature. The primary 
pyroelectric coefficient  describes the change of polarization with 
respect to temperature at constant strain (ε) and electric field (E). The 
secondary pyroelectric coefficient, , is the contribution to 
the change in polarization from thermal expansion combined with the 
piezoelectric effect. [10] Here,  is the direct piezoelectric coefficient; the 
notation of the superscript asterisk is typically used to differentiate the direct 
piezoelectric coefficient from the converse piezoelectric coefficient dijk. cjklm is 
the fourth-rank elastic constant tensor, and αlm is the second-rank thermal 
expansion coefficient tensor. For materials with tetragonal symmetry and 
replacing the fourth-rank tensor notation with conventional two-index 
notation,  is 3[10] 
   (5.2) 
Π = dPdT = ′Π + ′′Π
′Π =
dP
dT
⎛
⎝⎜
⎞
⎠⎟ E ,ε
′′Π = dijk* cjklmα lm
i
∑
dijk*
′′Π
′′Π = 2α1(d31* c11 + d31* c12 + d33* c13)+α 3(2d31* c13 + d33* c33)
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As discussed below, in our experiment, the lateral expansion of the PZT 
layers is zero because the films are confined by the substrate. Hence, the 
secondary coefficient reduces to . Generally, is positive for 
PZT films[71]  hence while .   
   Similarly, we separate the total electrocaloric coefficient into the 
primary and secondary contributions: 
   (5.3)  
where S is entropy and E is the electric field. The primary electrocaloric 
coefficient describes the change of entropy in response to an 
applied field at constant strain and temperature. The secondary coefficient, 
, results from changes in the vibrational entropy created by 
the elastic strain due to the piezoelectric effect. [72] Here, γjk is the 
generalized Grüneisen parameter tensor which relates changes in stress to 
changes in internal energy at constant strain for an anisotropic material, [49] 
dijk is the converse piezoelectric coefficient, and C is the volumetric heat 
capacity at constant volume. For tetragonal symmetry 
                          (5.4) 
Here  and 6and reduces to 
 for a clamped film. has the opposite sign as  (  ): 
with increasing electric fields the PZT layers expand and, due to 
′′Π = d33* c33α 3 d33*
′′Π > 0 ′Π < 0
Σ = dSdE = ′Σ + ′′Σ
′Σ =
dS
dE
⎛
⎝⎜
⎞
⎠⎟ T ,ε
′′Σ = Cdijkγ jk
i
∑
′′Σ = C(2d31γ 1 + d33γ 3)
γ 1 =
1
C (c11α1 + c12α1 + c13α 3) γ 3 =
1
C (2c13α1 + c33α 3) ′′Σ
′′Σ = d33γ 3C ′′Σ ′Σ ′Σ < 0;  ′′Σ > 0
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anharmonicity, the vibrational frequencies of the lattice are reduced. This 
softening of the lattice vibrations increases the vibrational entropy. [72] On 
the other hand, an increasing field lowers the entropy of the system 
associated with the polarization by the primary electrocaloric effect. These 
opposing mechanisms reduce the overall entropy change that is achievable.  
 The thermodynamic Maxwell relation shows that the pyroelectric and 
electrocaloric coefficients are equal at constant strain or stress condition. (see 
Eq. 35 Ref. [73]):  
 (5.5) 
Hence the secondary pyroelectric and electrocaloric coefficient are equal, 
 under constant stress condition. The derivations of  and  for 
tetragonal symmetry case (Eq. (5.2) and (5.4)) agree with this result because 
the direct and converse piezoelectric coefficients are equal (Eq. 2 Ref [74] 
).This relation is the basis of the so-called “indirect” method to study the 
electrocaloric effect both theoretically and experimentally. [34,36,37,39,41,42]  
        However, for clamped films, the difference between the total 
electrocaloric coefficient and the total pyroelectric coefficient is 
. Both the direct and converse piezoelectric 
coefficients (the so-called effective coefficients) are both reduced by a factor of 
~2 compared to an unclamped film. [71] The calculation by Lefki et al. shows 
that the effective direct piezoelectric coefficient is larger than the effective 
′Π = ′Σ
Π σ = Σ σ
′′Π = ′′Σ ′′Π ′′Σ
Σ −Π = ′′Σ − ′′Π = d33γ 3C − d33* c33α 3
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converse one (see Eq. 2 and 3 Ref. [71]) because of a contribution from the 
mechanical deformation of the substrate. However, in our measurement the 
substrate is fixed so . Therefore, we simplify the equation for  
as  
   (5.6) 
 Thus, a measurement of the difference between the total coefficients 
captures the first term in the following expression for the secondary 
electrocaloric coefficient,  where we have set .  For 
PZT, c13 = 68 GPa, c33 = 113 GPa[75],  and  α1 = 5.4 x 10-6 K-1. [67]  Since
, . 
In this study, we use two novel laser-based methods to independently 
measure the total pyroelectric (Π) and electrocaloric coefficients (Σ) of PZT 
epitaxial layers.  Because our measurements are performed with high-
frequency thermal fields, the mechanical conditions of our electrocaloric 
measurements are the same as for the pyroelectric measurements; i.e., the in-
plane strain is zero. Combining these methods allows us to quantify the 
secondary contribution to the total electrocaloric coefficient. We find that the 
secondary electrocaloric effect significantly reduces the total electrocaloric 
response and should be considered in evaluating the performance of 
electrocaloric materials and heat engines.  
d33* = d33 Σ −Π
 Σ −Π = d33(γ 3C − c33α3) = 2d33c13α1
''
33 1 13 33(2 )d c cαΣ = +  α1 =α3
13 332c c≈  Σ '' ≈ 2(Σ −Π)
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5.2 Sample preparation 
 Capacitor structures are fabricated from heterostructures of 20 nm 
SrRuO3/150 nm PZT/20 nm SrRuO3 grown on DyScO3 (DSO) (110) and 
GdScO3 (GSO) (110) substrates by pulsed-laser deposition. Compositionally 
homogeneous single-layer PbZr0.2Ti0.8O3 films (thickness = 150 nm) were 
grown from PZT targets with the same composition at 630 °C in an oxygen 
pressure of 200 mTorr at a laser fluence of 2 J/cm2 and a laser repetition rate 
of 3 Hz. Compositionally-graded heterostructures (thickness=150 nm) were 
synthesized from Pb1.1Zr0.2Ti0.8O3 and Pb1.1Zr0.8Ti0.2O3 targets at 600˚C at a 
laser fluence of 1.9 J/cm2 in 200 mTorr of oxygen and a laser repetition rate of 
3 Hz. Compositionally graded heterostructures were synthesized by 
continuously varying the composition from PbZr0.2Ti0.8O3 to PbZr0.8Ti0.2O3 
using a programmable target rotator (Neocera, LLC) that was synced with 
the excimer laser. We use PZT layers as the subject of our study because 
deposition conditions and lattice structures are well established. [58] These 
capacitor structures enable us to apply electric fields in the electrocaloric 
measurement and collect the pyroelectric current in the pyroelectric 
measurement. Circular SRO top electrodes with radius of 50 µm or 100 µm 
are patterned by photolithography utilizing an MgO hard-mask process. [59] 
We prepared and measured three samples: two compositionally homogenous 
PbZr0.2Ti0.8O3 (PZT20:80) epitaxial layers on DSO and GSO substrates, and 
one compositionally graded heterostructure which smoothly transitions from 
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PbZr0.2Ti0.8O3 to PbZr0.8Ti0.2O3 from the GSO substrate to the surface 
(Graded-PZT). [76] Vanadium (V) films, ≈150 nm thick, are sputtered on top 
of the SRO top electrodes to produce an optical transducer that absorbs the 
incident laser power and provides a strongly temperature dependent optical 
reflectivity, i.e., a high thermoreflectance, for measurements of the 
electrocaloric coefficient. [69]  
 Thermal conductivities of each layer and the thermoreflectance 
coefficients of the V film are measured by time domain thermoreflectance 
(TDTR). [49] The thickness of the V film is measured by picosecond acoustics. 
[50] These properties are used as input parameters of thermal transport 
models for the pyroelectric and electrocaloric measurement (See Table 4.1). 
Table 5.1 Thermophysical properties of PZT, DSO, GSO, SRO and V 
measured by TDTR and from literatures used in the thermal transport 
calculation. 
 25 (oC) 75 (oC) 150 (oC) 220 (oC) 
CPZT (J m-3 K-1)a 2.7x106 2.9x106 3.1x106 3.2x106 
ΛPZT (W m-1 K-1) 1.5 1.5 1.5 1.5 
CSRO (J m-3 K-1)b 3.00 x106 3.1 x106 3.17 x106 3.24 x106 
ΛSRO (W m-1 K-1) 3.9 3.9 3.9 3.9 
CDSO*ΛDSO (J W m-4 K-2) 7.3 x106 7.3 x106 7.3 x106 7.3 x106 
CGSO*ΛGSO (J W m-4 K-2) 7.3 x106 7.3 x106 7.3 x106 7.3 x106 
CV (J m-3 K-1)c 2.95x106 2.97x106 3.0x106 3.06x106 
ΛV (W m-1 K-1) 21 21 21 21 
a Ref. [77] 
b Ref. [78] 
c Ref. [79] 
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5.3 Measurement of the pyroelectric and 
electrocaloric coefficient of PZT epitaxial layers 
 Figure 5.1(a) shows the dependence of the pyroelectric current for a 
PZT/GSO capacitor on modulation frequency. The pyroelectric coefficient is 
adjusted to get the best fit between the measured current and the model 
calculation. We find Π= -170 µC m-2 K-1. Figure 5.1(b) shows the dependence 
of the temperature change of the V film as a function of frequency for a 
PZT20:80/GSO capacitor. A DC bias voltage of 1.4 V is applied on the 
capacitor along with the AC voltage of amplitude of 1 V to produce a voltage 
that varies from 0.4 V to 2.4 V. (We determined empirically that the range of 
linearity extends to an AC voltage of amplitude 1 V.)  The DC voltage is 
chosen to make sure that the ferroelectric layers do not switch polarization 
states under applied voltages. As shown below, by varying the DC bias 
voltage, we probe the hysteresis behavior of the electrocaloric coefficient. 
Adjusting the electrocaloric coefficient to get the best fit between the 
experimental data and the modeling calculation yields Σ = -130 µC m-2 K-1 for 
the PZT20:80 epitaxial layer on the GSO substrate. The adiabatic 
electrocaloric temperature change within the PZT layer is calculated as  
   (5.7) 
 
Using the measured electrocaloric coefficient dS/dE = Σ = -130 µC m-2 
K-1, ΔTa ≈ 0.1 K for a field change of 6.7 MV m-1.  We emphasize that our 
 
ΔTa = −
1
C
T dS
dE
ΔE
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electrocaloric method measures the total heat generated within the PZT 
layers through measuring the temperature change of the V film. The 
measured temperature change plotted in Figure 5.1(b) is much smaller than 
the adiabatic temperature change, i.e., the temperature change of the PZT 
layer if the PZT layer was thermally isolated from the V film and substrate. 
While wires and contact tips needed to drive the electrocaloric effect are 
present, it does not affect the temperature measurement because of high 
modulation frequencies of the electric field.  
 
Figure 5.1 a) Frequency dependence of the pyroelectric current; and (b) 
frequency dependence of the temperature change of the V film for a PZT/GSO 
capacitor at room temperature. Measured data are shown as open circles and 
the solid lines are the model calculations used to determine (a) the total 
pyroelectric coefficient Π = -170 µC m-2 K-1; and (b) the total electrocaloric 
coefficient, Σ = -130 µC m-2 K-1. The laser power used in the pyroelectric 
smeasurement is 1 mW. The DC bias voltage and AC voltage used in the 
electrocaloric measurement are 1.4 V and 1 V, respectively. 
 
 The errors in our measurements depend largely on the uncertainties in 
the measurement of the laser power, ≈5%, and uncertainties of the 
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thermophysical properties of the materials in the capacitor structure, 
typically ≈10%. The sensitivity of the measurement to the various 
experimental parameters, i.e., the error propagation, has been discussed in 
section 2.7 and 4.3.  Propagation of errors from the thermophysical properties 
to the pyroelectric and electrocaloric data is similar; the propagation of errors 
from the laser power, however, has opposite sign. Therefore, the uncertainty 
in the difference between the pyroelectric and electrocaloric data is relatively 
insensitive to uncertainties in the thermophysical properties and mostly 
depends on the uncertainty in the measurement of the laser power. As a 
specific example, we estimate that measurements summarized by Figure 5.1 
have total uncertainties of 10%, i.e., Π = -170 ± 17 µC m-2 K-1 and Σ = -130 ± 
13 µC m-2 K-1 while the uncertainty in the difference, Π – Σ = -40 ± 15 µC m-2 
K-1 is given by the sum of the contribution of the uncertainty of the laser 
power to the uncertainty in each measurement.  
 In our measurement, the detector is at an image of the sample surface 
so a small translation of the sample surface does not change the reflectivity. 
Another factor that could affect the optical reflectivity of the V films is strain. 
However, the lateral strain of V film is zero at high frequencies.  Joule 
heating by the leakage currents under DC bias has no effect on the 
electrocaloric measurement because the look-in amplifier only picks up the 
temperature changes that are synchronous with the modulation frequency of 
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the electric field while the Joule heating is at double the modulation 
frequency. 
We noted that in our electrocaloric and pyroelectric measurement, PZT 
layers are clamped on the fixed substrates. For the pyroelectric 
measurement, because of high modulation frequency of the heating laser (100 
kHz – 10 Mhz), heat is confined laterally.  Therefore, there is no in-plane 
contraction of the substrate and the PZT layers only contract in the out-of-
plane direction. For the electrocaloric measurement, because the radius of the 
devices is very small compared to the size of the samples, the PZT layers only 
contract in the out-of-plane direction due to the converse piezoelectric effect. 
5.4 Field dependence of the pyroelectric and 
electrocaloric coefficients 
 To directly compare the pyroelectric and electrocaloric coefficients, the 
two coefficients must be measured at the same bias field. Therefore, we 
measure the pyroelectric and electrocaloric coefficient as a function of DC 
bias voltage. For all 3 samples, our result shows that the pyroelectric and 
electrocaloric coefficient are not equal at the same field. Furthermore, the 
pyroelectric and electrocaloric coefficients show hysteresis that is consistent 
with the polarization measurement (Figure 5.2). The hysteresis curves for the 
polarization and the pyroelectric and electrocaloric coefficient are shifted 
horizontally. This shift could arise from slight differences in the top and 
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bottom contacts, trapped charges for the homogeneous PZT layer and the 
presence of strain gradients for the compositionally-graded PZT layer. [76,80-
82] The coercive voltages in the pyroelectric measurement are smaller than 
the corresponding coercive voltages in the polarization measurement. This 
difference is explained by the fact that the bias voltage in the pyroelectric and 
electrocaloric measurement is changed slowly, with ~30 seconds intervals 
between each value of the bias voltage, while the polarization is measured at 
1 kHz. 
Furthermore, the electrocaloric hysteresis loops are even narrower 
than the pyroelectric curves. A smaller DC voltage is required to switch 
polarization in the electrocaloric measurement than the pyroelectric 
measurement because of the additional AC voltage used in the electrocaloric 
measurement. The pyroelectric and electrocaloric coefficients are 
independent of the DC voltage up to 3 V.  
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Figure 5.2 Hysteresis measurement of the total pyroelectric, electrocaloric 
coefficient and polarization of the PZT layers at room temperature. For the 
electrocaloric and pyroelectric measurements, a DC bias voltage is applied to  
the capacitors and the time between changes in the bias voltage is ~30 s with 
a increment of 0.1 V. Polarization is measured at a frequency of 1 kHz. 
 
 The field dependence of the electrocaloric effect has been studied 
previously for bulk materials. [83-86] However, in the prior work reported in 
Refs. [84-87], the adiabatic temperature changes are measured as a function 
of the change in electric field ( and  is often chosen to be 0). For 
our measurement of the electric-field dependence, the amplitude of oscillating 
electric field which drives the electrocaloric effect, , is fixed and the DC 
bias voltage slowly varied from point-to-point. Since the adiabatic 
temperature change depends not only on  but also on the polarization 
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state, our measurement provides a more complete picture of how the entropy 
changes with a small variation in electric field. 
 Our key result is that the measured electrocaloric and pyroelectric 
coefficients are not equal. If we calculate the adiabatic temperature change 
using the field dependence of the measured pyroelectric coefficient predicted 
and the Maxell relation, , we find  ≈ 
0.14 K for  = 6.7 MV m-1 for the PZT20:80/DSO layer. This indirect 
measurement of the adiabatic temperature change is 40% higher than the 
value obtained by the direct measurement, 0.10 K. Note that while the 
conventional indirect method for the electrocaloric measurement extracts 
dP/dT from the temperature dependence of the polarization at different 
field[34], our pyroelectric measurement directly measures the dependence of 
dP/dT on  electric field.  
5.5 Temperature dependence of the pyroelectric 
and electrocaloric coefficients 
 To further probe the differences between Σ and Π, we measured the 
pyroelectric and electrocaloric coefficients as a function of temperature from 
room temperature to 220 oC for the three PZT epitaxial layers (Figure 5.3).  
The pyroelectric coefficient (square symbols) increases with elevated 
temperature for all samples while the electrocaloric coefficient (triangles) has 
a weaker dependence on temperature. The graded-PZT layer has a higher 
ΔTa = −
T
C
dP
dT
⎛
⎝⎜
⎞
⎠⎟ E
dE = − TC Π(E)dEE1
E2
∫
E1
E2
∫ ΔTa
ΔE
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pyroelectric coefficient and electrocaloric coefficient than the homogeneous 
layers.  
 
Figure 5.3 Dependence on sample temperature of the total electrocaloric 
(triangle symbols) and pyroelectric (square symbols) coefficients of PZT 
epitaxial layers on DyScO3 and GdScO3 substrates. 
 
Our data are in qualitative agreement with the result from Ref. [36]. 
In Ref. [36], the temperature change measured by the direct method is 
smaller than the temperature change inferred by the indirect method. The 
difference increases from ~ 10 % at the room temperature to ~ 40% at ~340 K 
and then decreases with further increases in temperature. 
Figure 5.4 shows the difference between the total pyroelectric and 
electrocaloric coefficients. The corresponding value of  using Eq. (5.6), is 
plotted as the right-hand axis in Figure 5.4. The values of fall in the same 
range with those reported for PZT layers. [87,88] We see that increases 
with increasing temperature for all samples, consistent with previous studies 
of PZT epitaxial layers[89] and LiTaO3 crystals. [90]  
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At high temperatures, the secondary electrocaloric coefficient by 
piezoelectric strain and the elastocaloric effect is comparable to the primary 
coefficient.  For example, for the PZT20:80/GdScO3 sample at 200°C,  
µC m-2 K-1;  µC m-2 K-1; and therefore  µC m-2 K-1  and 
 µC m-2 K-1. 
  
Figure 5.4 Temperature dependence of the difference between the total 
electrocaloric coefficient and pyroelectric coefficient of PZT epitaxial layers 
due to the secondary contribution. The converse piezeoelectric coefficient d33 
calculated based on Eq. (5.6). The error bar is calculated with uncertainties of 
the pyroelectric and electrocaloric measurement to be 5%. 
 
 Large elastocaloric effects have been found in shape-memory alloys[91] 
and predicted theoretically for Ba0.5Sr0.5TiO3 (BST). [90] A temperature 
change of ~ 9 K is estimated for BST with a strain of 0.008. The authors of 
Ref. [90]attributed this giant elastocaloric effect of BST to a stress-induced 
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ferroelectric structural phase transition. For a qualitative comparison, using 
Eq. (5.7), we estimate a temperature change ~ 1.5 K under the same strain 
for our PZT layers. While the stand-alone elastocaloric effect can be 
comparable to the electrocaloric effect, our data shows that elastocaloric 
effect induced by piezoelectric effect competes with the electrocaloric effect for 
typical ferroelectric materials.  
5.6 Conclusion 
 We anticipate that our novel methods for studying the electrocaloric 
and pyroelectric effect in thin epitaxial layers will provide new insights on 
caloric effects in pyroelectric and ferroelectric materials. These methods 
overcome experimental limitations of previous techniques that previously 
restricted widespread study of caloric effects in thin layers. Our results show 
that secondary, mechanical effects produce a significant contribution to the 
entropy change for clamped films. 
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CHAPTER 6  
 
PYROELECTRIC EFFECT OF SOL-
GEL PZT THIN FILMS 
 
6.1 Introduction 
 Sol-gel method (solution deposition) has been used as early as the 19th 
century[92] in the ceramic industry for the development of glass from 
colloidal solutions of metal alkoxides. It is also a common method to produce 
ceramic products such as film, monoliths and membranes. [93,94] While 
physical deposition such as molecular beam expitaxy (MBE) and pulsed laser 
deposition (PLD) can produce films with greater structural perfection, sol-gel 
method offers many advantages: reliable films over large area (up to 10 
cm2)can be synthesized with proper executed process; and low cost (no 
requirement of complex vacuum systems)[95]. Furthermore, with 
development of film-on-foil technology, the sol-gel method is realized as being 
highly scalable, tend to be more robust for integrating ferroelectric films in 
electronic devices.[95] By utilizing a carrier substrate that enables high 
temperature processing, ferroelectric films can be fabricated before 
embedding in devices.  
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 We followed the sol-gel process which has been successfully used to 
fabricate ferroelectric thin films[34,96-98] to synthesize PbZr0.2Ti0.8O3 thin 
films. X-ray diffraction and Rutherford back scattering are used to 
characterize physical properties of the thin films. Finally, we applied the 
wide range frequency pyroelectric technique to measure the pyroelectric 
coefficient of the PZT thin films.  
6.1.1 Precursor solution preparation 
 Precursor solutions are synthesized using the hybrid sol-gel chelate 
route (IMO process) (See Figure 6.1). [34,95] First, lead acetate trihydrate is 
dissolved in methanol. The mixture is refluxed at 70 oC for 2 hours followed 
by cooling down to room temperature. The amount of methanol used in this 
step is about 1/6 of the total methanol volume in the final PZT solutions. The 
refluxing temperature should not be too high (> 90 oC) to prevent lead 
oxidation. At the same time, zirconium propoxide and titanium butoxide is 
mixed at a stoichiometry ratio and quickly stirred in ~ 1 minute. Then 4 
equivalents of acetic acid is added to the mixture followed by stirring in ~ 5 
minutes before adding a methanol volume which is ~ 1/6 the total methanol 
volume in final PZT solutions. The resultant solution is stirred at room 
temperature for 2 hours. The lead solution and zirconium and titanium 
solutions are mixed and stirred for 1 hour followed by adding 8 equivalents of 
acetic acid. Finally, methanol is added to adjust the concentration of the PZT 
solutions to 0.4M. We note that because zirconium propoxide and titanium 
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propoxide will hydrolyze when exposed to humid air quickly (in a matter of 
minutes, especially titanium propoxide), mixing and stirring the mixture of 
zirconium and titanium precursors before adding acetic acid should not be 
longer than a couple of minutes. Longer stirring time will result a more 
homogeneous mixture but preventing hydrolysis is more important. The 
mixture should be clear and have no visible solids. After adding acetic acid, 
the solution will be stable in the air because acetic acid serves as a chelating 
agent to slow down the hydrolysis of the alkoxide species. To prevent lead 
loss during the thermal treatment step, 10% lead excess is used. After aging 
for 24 hours, the PZT solution is passed through 0.2 µm filters. 
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Figure 6.1 Schematic of the PZT solution precursor preparation 
6.1.2 Deposition and crystallization of PZT thin 
films 
 The PZT thin films are deposited on Pt(111)/Ti/SiO2/Si substrates by 
multiple spin coating of the precursor solutions. Each layer is spin coated for 
30 seconds at 3000 rpm followed by heating at 350 OC on a hot plate. The 
thickness of each layer is ~ 84 nm. The final thin films are annealed at ~ 650 
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OC in a box furnace for 10 minutes. The furnace is preheated to the desired 
temperature to mimic rapid thermal anneal. We made samples with the 
thickness of ~ 84 nm and 174 nm. 
6.2 PZT thin film characterization 
 XRD was performed on the PZT films with one and two coating layers 
to study the crystal structure of the films.  Figure 6.2 shows the X-ray 
diffraction patterns for the PZT films at different annealing temperatures. 
The XRD pattern of the substrate alone is included for comparison. For all 
samples, the phase intensity of platinum is high because the PZT films are 
thin. The X-ray diffraction pattern reveals that the fabricated PZT films are 
perovskite phase with no pyrochlore phase. The XRD graph shows that the 
texture of the films exhibited an (100) orientation preference with the 
tetragonal crystal structure (a = 3.9539 Å, c = 4.1319 Å). The preparation of 
the sol solution, the spin-coating process and the heat treatment are effective 
for the phase development of PZT films. 
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Figure 6.2 X-ray diffraction patterns of PZT thin films at different annealing 
temperatures. A pattern of the substrate is included for comparison. 
 
 The precise thickness and composition of the PZT films are measured 
by the Rutherford Back Scattering (RBS). Figure 6.3 shows the RBS spectra 
of the PZT films with one (a) and two (b) spin coating layers. We can see that 
the Pt spectrums are highest and overlap with the Zr and Ti spectrums. To 
differentiate the Zr and Ti spectrums from the spectrums, the incident angle 
of ion beams are changed to zero. The thickness of the PZT thin films for one 
and two spin coating layers is 84 nm and 174 nm respectively. The Zr and Ti 
compositions are 19% and 81% respectively. This concentration is chosen for 
comparison with PZT films grown by PLD technique as discussed in Chapter 
3 and 5 
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Figure 6.3 RBS measurement of PZT thin films with one (a) and two (b) spin 
coating layers 
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6.3 Pyroelectric measurement 
 Figure 6.4 shows the pyroelectric measurement of the PZT film with 
the thickness of 174 nm. The pyroelectric coefficient is measured to be 135 µC 
m-2 K-1. The pyroelectric current is proportional to f for the f < 100 MHz and 
reaches to a peak at f ~ 1 MHz. Note that we adjusted capacitances of devices 
to get the best fit at high frequency (f  > 1 MHz). We did not observe the 
secondary effect which will cause an increasing pyroelectric coeffient at the 
low frequency limit (See Section 3.3).  
 To explain this observation, we calculated the average temperature 
Tavg as a function of frequency (See Figure 6.5). We can see that Tavg is almost 
constant for f < 100 MHz then decreases with increasing frequencies (See 
Figure 6.5(a)) and the phase angle is about zero which means that the 
temperature is in phase with the heat flux.  This is due to the fact that the Si 
substrate has a high thermal conductivity (~ 140 W m-1 K-1) which results in 
long thermal penetration depth. Therefore, the temperature is homogenous 
over a broader frequency range compared with one of the PZT films on DSO 
substrates with a very low thermal conductivity ~ 2.7 W m-1 K-1). The 
frequency at which the thermal penetration depth in the Si substrates is 
equal that in the DSO substrates is ~ two order of magnitude higher than the 
frequency for the DSO substrates, . This is consistent 
with our experiment data which shows no change in the pyroelectric 
fSi
fDSO
= ΛSi
ΛDSO
CDSO
CSi
= 88
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coefficient at ~ 1 kHz. We can expect that the secondary effect will show up 
with f > 100 kHz. Unfortunately, we are not able to get a correct data fitting 
for the pyroelectric coefficient because of the capacitance effect which can 
cause a error bar larger than change of the pyroelectric coefficient by the 
secondary contribution. 
 
Figure 6.4 Frequency dependence of the amplitude of the pyroelectric current 
of the PZT film with the thickness of 174 nm. Measured data are shown as 
open circles and the solid line is the model calculations for a fixed value of the 
pyroelectric coefficient. The laser power is 10 mW. The top electrode radius is 
50 µm. 
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Figure 6.5 The frequency dependence of the average temperature amplitude 
and phase angle of the PZT film on Pt/Ti/SiO2/Si substrate. 
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6.4 Conclusion 
 We successfully fabricated PZT thin films by the sol-gel method. The 
PZT thin films have the tetragonal crystal structure with (100) orientation 
preferred. The pyroelectric coefficient of the PZT thin films is measured to be 
135 µC m-2 K-1. A long thermal penetration depth prevents ability to measure 
the secondary pyroelectric contribution. 
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CHAPTER 7  
CONCLUSIONS 
 
The novel laser-based techniques are powerful tools for studying the 
pyroelectric and electrocaloric effects in thin films. These techniques 
overcome limitations of conventional methods to enable direct measurements 
of both effects in thin films. Furthermore, the pyroelectric measurement is 
capable of measuring the secondary pyrolectric effect by probing thin films in 
different boundary conditions by changing the thermal penetration depth. 
Combining the pyroelectric and electrocaloric measurement enables to study 
the secondary electrocaloric effect. 
 The implementation and data analysis of the pyroelectric and 
electrocaloric techniques are described in detail in Chapter 2 and 4. In the 
same optical setup, both measurements can be performed with few 
adjustments. While the laser power is used to create change of the 
temperature in the pyroelectric measurement, it is used to measure the 
temperature change generated by the electrocaloric effect through change of 
the reflected laser intensity. Lock-in technique is applied to both methods to 
 92 
improve signal-to-noise ratio. The modulation frequency range is from 1 Hz to 
10 MHz, which provides wide-ranging control on the thermal penetration 
depth. Multilayer thermal heat transport models are successfully developed 
to provide analytical solutions of the temperature change generated by a 
modulated laser power or spatially distributed heat flux in the pyroelectric 
and electrocaloric measurement, respectively. 
 The wide range frequency pyroelectric measurement is applied to 
study Pb(Zr,Ti)O3 and (Ba,Sr)TiO3 thin films grown by Pulse Laser 
Deposition (PLD). We found that the pyroelectric coefficients at high and low 
frequency limits are different. This is due to different boundary conditions 
caused by short and long thermal penetration depths at high and low 
frequencies.  The secondary contribution to the pyroelectric coefficient of the 
PZT and BST films are measured to be ~ 15% and 20% respectively. 
 The pyroelectric and electrocaloric measurement are applied to 
measure Pb(Zr,Ti)O3 thin films by PLD under different temperatures and 
applied electric fields. The measured pyroelectric and electrocaloric 
coefficients are different at the same measurement conditions due to 
secondary contribution to the total electrocaloric effect that is created by a 
combination of piezoelectric and elastocaloric effects. The secondary 
contribution to the electrocaloric coefficient has the opposite sign as the 
primary effect and therefore reduces the overall entropy change of PZT thin 
 93 
films in an electric field. The absolute magnitude of the secondary effect is 
comparable to the primary effect at elevated temperatures of ≈200°C. 
 The pyroelectric coefficient of PZT thin films grown by a sol-gel method 
on Pt/Ti/SiO2/Si substrates is measured to be ~ 135 W m-2 K-1 and the 
secondary pyroelectric effect is not observed. We attribute this observation to 
the fact that high thermal conductivity substrates pushes low and high 
frequency limit boundary toward a higher frequency at which the capacitance 
effect prevents a correct measurement of the secondary contribution.    
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APPENDIX A 
 
THERMAL CONDUCTIVITY OF 
InGaN ALLOYS 
 
 
This chapter is published in “Suppression of thermal conductivity in 
InxGa1−xN alloys by cation substitution and nanometer-scale disorder”, T. 
Tong, D. Fu, A. X. Levander, W. J. Schaff, B. N. Pantha, B. Liu, R. Zhang, J. 
Y. Lin, H. X. Jiang, J. Wu, and David. G. Cahill, Appl. Phys. Lett.  102, 
121906 (2013) 
A.1 Introduction 
InxGa1-xN alloys with Ga-rich compositions (x < 0.3) are used as active layers 
for light emitting diodes in the short-wavelength region, 400 < λ < 530 nm. 
Applications at longer wavelengths, green emission, are limited by an abrupt 
drop in the quantum efficiency that typically occurs at x > 0.3. Compositional 
inhomogeneities and structural defects have been proposed as possible 
reasons for this drop in quantum efficiency. [99] We have recently 
demonstrated that  thermal conductivity measurements can reveal disorder 
in epitaxial layers that is difficult to identified  by traditional x-ray 
diffraction (XRD) or transmission electron microscopy (TEM). [100] Here, we 
use thermal conductivity measurements to reveal nanometer-scale disorder 
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in InxGa1-xN alloys that extends over a wide range of compositions, and the 
results indicate the strongest disorder exists for compositions 0.2 < x < 0.6, 
approximately corresponding to the InxGa1-xN miscibility gap. [101,102] 
InxGa1-xN alloys show promise for efficient thermoelectric energy 
conversion in addition to their applications in solid-state lighting. [103,104] 
The thermoelectric figure-of-merit, ZT = S2σT/Λ, where S, σ, Λ and T are the 
Seebeck coefficient, electrical conductivity, thermal conductivity and 
temperature, respectively, has been reported to be comparable to the figure-
of-merit of SiGe alloys. [103,105] High-efficiency conversion of heat to 
electrical power requires low lattice thermal conductivity while maintaining 
high mobility of the charge carriers. The binary InN and GaN materials have 
high thermal conductivity materials[106-111](the room-temperature thermal 
conductivity of GaN and InN are 230 and 120 W m-1 K-1, respectively) 
however, the thermal conductivity of even relatively dilute InxGa1-xN alloys is 
significantly reduced because of scattering of high-frequency phonons by 
mass disorder. [112] 
A.2 Sample preparation 
 Four sets of InxGa1-xN epitaxial layers with various thicknesses were 
grown by molecular beam epitaxy (MBE) and metalorganic chemical vapor 
deposition (MOCVD) on c-sapphire substrates at four different institutions. 
[113-115] Growth conditions, sample structures, compositions, and thermal 
conductivities are summarized in Table A.1. Sample numbers 5 and 9 were 
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the subject of a prior study of composition modulation in InxGa1-xN alloys by 
TEM and XRD. [114] Liliental-Weber et al. (see Ref. [114]) observed periodic 
modulations in composition along the c-axis with a period of ≈5 nm for x = 
0.55 and ≈7 nm for x = 0.78. They observed a columnar growth morphology 
with columns separated by edge dislocations, where the average dislocation 
density was ≈1011 cm-2 and 6×1010 cm-2 for x = 0.55 and x = 0.78, respectively.  
A.3 Sample characterization 
Figure A.1(a) shows XRD θ-2θ scan data of the (0002) reflections for 
selected InxGa1-xN samples. All samples show a single (0002) reflection; the 
lack of secondary peaks indicates that these samples do not exhibit gross 
extended domains that are phase-separated into Ga-rich and In-rich alloys. 
[116,117] Figure A.1(b) shows the InxGa1-xN c-lattice parameter as a function 
of the In content of selected samples determined by Rutherford 
backscattering spectrometry (RBS). The c-lattice parameters are in good 
agreement with Vegard’s law, where the layers are assumed to be fully 
relaxed. The full-width-at-half-maximum (FWHM) of the XRD peaks is 
plotted in Figure A.1(c). The XRD peaks are strongly broadened, presumably 
by inhomogeneous strain fields created by plastic deformation that relaxes 
the epitaxial stresses imposed by the substrate. 
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Table A.1 Summary of all InxGa1-xN samples investigated. The samples were 
grown by MOCVD or MBE method on sapphire substrates with GaN or AlN 
buffer layers at four institutions. The composition is determined by XRD and 
RBS. The thermal conductivities are measured by time-domain 
thermoreflectance. 
 
Samples Growth 
technique  
In 
fraction 
(RBS) 
In 
fraction 
(XRD) 
Thickness 
(nm) 
Buffe
r 
layer 
Thermal 
conductivit
y Λ 
(W m-1 K-1) 
1 MOCVD 0.08 0.07 229 GaN 24 
2 MOCVD 0.11 0.10 233 GaN 13 
3 MOCVD 0.17 0.16 268 GaN 8.5 
4 MOCVD 0.25 0.25 608 AlN 2.8 
5 MBE 0.44 0.48 147 GaN 2.2 
6 MBE 0.56 0.55 398 GaN 2.5 
7 MOCVD 0.64 0.65 560 AlN 3.8 
8 MBE 0.70 0.64 500 GaN 4.1 
9 MBE 0.72 0.72 364 GaN 4.3 
10 MBE 0.80 0.78 302 None 5.1 
11 MOCVD 0.80 0.82 723 AlN 5.3 
12 MOCVD 0.79 0.83 223 GaN 4.8 
13 MOCVD 0.84 0.90 222 GaN 5.6 
14 MOCVD 0.90 0.93 756 AlN 8.5 
15 MBE  0.98 0.99 4600 GaN 73 
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Figure A.1 (a) XRD θ-2θ scan patterns for selected InxGa1-xN samples in the 
vicinity of the (0002) reflection. (b) XRD c-lattice parameter of InxGa1-xN   
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(fig. A.1 cont.)  alloys vs. In composition measured by RBS. The solid line 
shows the prediction of Vegard’s law; the good agreement suggests that the 
InxGa1-xN layers are fully relaxed.  (c) Full-width-at-half-maximum (FWHM) 
of the InxGa1-xN (0002) reflection vs. In composition 
 
Each sample was coated with a ≈80 nm thick layer of Al by magnetron 
sputter deposition at room temperature to prepare the samples for thermal 
conductivity measurements. This Al layer serves as an optical transducer in 
the measurement of thermal conductivity by time-domain thermoreflectance 
(TDTR). [49] Details of the measurement setup are described in Ref. [118]. In 
a TDTR measurement, a laser beam from a mode-locked Ti: sapphire laser is 
split into a pump beam and a probe beam with the relative optical path 
adjusted by a mechanical delay stage. The pump beam is modulated at 9.8 
MHz by an electro-optic modulator. The pump and probe beam are focused on 
the sample to a 1/e2 radius of ≈5 µm. The Al layer is heated by the pump 
beam and the temperature change of the Al layer is monitored by the probe 
beam through the temperature dependence of the optical reflectivity of Al. 
Signals obtained by a photo-detector are sent to a lock-in amplifier to detect 
the 9.8 MHz component that is synchronous with the modulation of the pump 
beam. 
The ratio of in-phase (Vin) and out-of-phase (Vout) signals were compared 
with a multilayer thermal transport model. [49] Fitting parameters used in 
the model include thickness, heat capacity and thermal conductivity of each 
layer. The Al thickness was determined by picosecond acoustics. The rule of 
mixtures was used to calculate heat capacities of InxGa1-xN alloys, CInGaN = 
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xCInN + (1-x)CGaN; here CInN = 2.1 J cm-3 K-1 [119] and CGaN = 2.6 J cm-3 K-1. 
[120] The thermal penetration depth is . Alloy layers 
with thickness d > δ are “thermally-thick” and the thermal conductance of the 
alloy-layer/buffer-layer interface Gb and the thermal conductivity of buffer-
layer are unimportant in the model. Since the acoustic impedance difference 
between alloy layers and GaN buffer layers is small, for the low-In alloy 
layers with d < δ, it can expected that the interfacial thermal conductance is 
high. Furthermore, the intermediate In composition alloys with d < δ grown 
on high thermal conductivity GaN buffer layers produce only a small 
correction to the model. Hence, we do not include the interfacial thermal 
conductance in the model. Since the samples grown on AlN buffer layers are 
thermally thick, the uncertainty of the thermal conductivity of AlN layers 
which could be as low as 1 W m-1 K-1 [121]has no effect on the model. The 
thermal conductivity of the InxGa1-xN layer and the thermal conductance of 
the interface between the Al layer and the InxGa1-xN layer are the only 
significant unknowns. These two free parameters were adjusted to give the 
best fit between the model and the experimental data.   
A.4 Results 
The thermal conductivity of InxGa1-xN alloys at room temperature is 
plotted in Figure A.2(a). We include data from prior studies of InxGa1-xN 
alloys for comparison. Sztein et al. studied n-type InxGa1-xN films[122] (81 to 
190 nm thick) deposited by MOCVD on Fe:GaN/sapphire. Pantha et al. 
/ ( ) 200 nmC fδ π= Λ ≈
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studied InxGa1-xN films (≈110 nm thick) grown by MOCVD on GaN/sapphire 
templates. In these studies, the thermal conductivity of the epitaxial layers 
was measured by a differential 3ω method. The thermal conductivity of 
InxGa1-xN alloys reaches a minimum in our data set of 2.2 W m-1 K-1 at x = 
0.44. 
A.5 Calculation of the thermal conductivity of 
InGaN alloys 
A Callaway model[123] as modified by Morreli et al. [124] is used to 
calculate the lattice thermal conductivity to gain quantitative insight into the 
strength of the phonon scattering mechanisms. In this model, the 
longitudinal and transverse phonon modes are independently investigated. 
The total thermal conductivity is a sum over one longitudinal (ΛL) and two 
degenerate transverse (ΛT) components, Λ=ΛL + 2ΛT where ΛL = ΛL1 + ΛL2 
and ΛT = ΛT1 + ΛT2. The partial conductivities ΛL1, ΛL2, ΛT1 and ΛT2 are the 
Debye-Callaway terms (See Eqs. 3a, 3b, 4a, 4b of Ref. [124]). Debye 
temperatures and speeds of sound are calculated separately for acoustic 
phonon branches in the [001] direction. The cutoff frequencies fc are set at the 
zone boundary of the acoustic phonon dispersion curves and the Debye 
temperatures were calculated from these frequencies, TD = hfc/kB, where kB is 
Boltzmann constant. 
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Figure A.2 (a) The thermal conductivity (Λ) at room temperature of InxGa1-xN 
alloys as a function of In fraction compared to the predictions of the modified 
Callaway model. Previously reported thermal conductivities of GaN, InN and 
InxGa1-xN alloys are included for comparison. The open-square and open-
circle is the thermal conductivity of pure GaN (Ref. [106]) and pure InN (Ref. 
[107]) respectively. The dashed line is calculated for the limit of large layer 
thickness; the solid line is calculation for a layer thickness of d = 200 nm. (b) 
Ratio of the measured thermal conductivity from this work to the calculated 
thermal conductivity (ΛDCM) at each thickness as a function of In content. 
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Grüneisen parameters of γL = 0.73 and γT = 0.51 were assumed for all alloy 
compositions and a virtual crystal model was used to determine the speeds of 
sound, densities, and cut-off frequencies of the alloys.  The longitudinal 
speeds of sound were measured for selected samples (x = 0.44, 0.65, 0.9 and 
0.93) by picosecond acoustics to provide greater confidence in the validity of 
this approximation.  The data are in good agreement with the virtual crystal 
approximation. Table A.2 Material parameters of InN and GaN used in the 
Callaway-type model of the thermal conductivity of InxGa1-xN alloys. 
summarizes the parameters used in our model. 
Table A.2 Material parameters of InN and GaN used in the Callaway-type 
model of the thermal conductivity of InxGa1-xN alloys. 
 
 
  υLb (m/s) υTb (m/s) 
InN 278 194 5720 2650 
GaN 305 157 7770 3950 
a and are, respectively, longitudinal and transverse cut-off Debye 
temperatures calculated from Ref. {Bungaro:2000um}.      
bυL and υT  are, respectively, speeds of sound for longitudinal and transverse 
phonon dispersion branches calculated from Ref. {Wright:1997jm}. 
  
 The resistive scattering rate includes contributions from phonon-
phonon Umklapp scattering (τU); point defect scattering due to mass disorder 
and bond length disorder (τI); and boundary scattering (τB). Typically  the 
high temperature form of the normal process scattering rate[125] is taken 
as[126]: 
TDL (K )a TDT (K )a
TDL TDT
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   (A.1)   
Here, γ is the Grüneisen parameter, V is the volume per atom, M is the 
average mass of the atoms in the alloys given by M = xMA + (1-x)MB and MA, 
MB are the atomic weights of alloy components (GaN and InN for InxGa1-xN 
alloys ), υ is speed of sound, ω is the phonon frequency. 
Klemens derived a form of the phonon scattering due to point defect 
disorder[127] 
   (A.2) 
Γ is a coefficient that characterizes the strength of phonon scattering and for 
mass disorder in alloys with a basis of 2 atoms, [128] 
   (A.3)  
The phonon boundary scattering rate is given by (τB)-1 = υ/d, where d is 
the thickness of the sample and v velocity of each acoustic mode. The 
thicknesses of the samples in our study are not constant but the dependence 
of the model on the boundary scattering rate is weak. (Changing d by a factor 
of 2 creates a change in the thermal conductivity of a factor of 1.2). Moreover, 
since the thermal conductivity of semiconductor alloys measured by TDTR is 
not governed by the phonons with mean free paths larger than the thermal 
penetration depth, the thermal penetration depth can be used as an effective 
film thickness for alloys with d > δ. 
(τ N )−1 =
kBλ 2V 1/3
Mυ 3 ω
2T
(τ )−1 = ΓV4πυ 3ω
4
Γ = x MA −MM
⎛
⎝⎜
⎞
⎠⎟
2
+ (1− x) MB −MM
⎛
⎝⎜
⎞
⎠⎟
2
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The contribution of phonon scattering by dislocation cores and the long-
ranged strain field of dislocations was also considered. [129] Dislocations 
significantly reduce the thermal conductivity of high thermal conductivity 
pure crystals such as GaN. [121] However, these calculations show that the 
disorder alloy scattering rate is approximately an order of magnitude higher 
than the dislocation scattering rate even for a very high dislocation density of 
1012 cm-2. Inclusion of the dislocation scattering rate at a density of 1012 cm-2 
suppresses the thermal conductivity by only ≈10% for In compositions 0.2 < x 
< 0.9. Therefore, phonon scattering by dislocations was not used in this 
model. 
A.6 Comparison between experimental data with 
modeling 
The solid line in the Figure A.2 (a) The thermal conductivity (Λ) at room 
temperature of InxGa1-xN alloys as a function of In fraction compared to the 
predictions of the modified Callaway model. Previously reported thermal 
conductivities of GaN, InN and InxGa1-xN alloys are included for comparison. 
The open-square and open-circle is the thermal conductivity of pure GaN 
(Ref. [106]) and pure InN (Ref. [107]) respectively. The dashed line is 
calculated for the limit of large layer thickness; the solid line is calculation 
for a layer thickness of d = 200 nm. (b) Ratio of the measured thermal 
conductivity from this work to the calculated thermal conductivity (ΛDCM) at 
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each thickness as a function of In content.(a) shows the results of this 
calculation for the thermal conductivity as a function of InN composition at a 
fixed thickness of 200 nm, which is the average value of the effective 
thickness of the films. It is noted that the calculated thermal conductivity of 
the pure GaN and InN samples is much smaller than the experimental data. 
This discrepancy is created by the boundary scattering in this modelwhich, 
creates a much stronger reduction of the thermal conductivity of the pure 
crystals than the alloy. (The thicknesses of the GaN and InN layers were 200 
µm and 1 µm, respectively). If the boundary scattering is removed, this model 
(the dashed line in Figure A.2 (a) The thermal conductivity (Λ) at room 
temperature of InxGa1-xN alloys as a function of In fraction compared to the 
predictions of the modified Callaway model. Previously reported thermal 
conductivities of GaN, InN and InxGa1-xN alloys are included for comparison. 
The open-square and open-circle is the thermal conductivity of pure GaN 
(Ref. [106]) and pure InN (Ref. [107]) respectively. The dashed line is 
calculated for the limit of large layer thickness; the solid line is calculation 
for a layer thickness of d = 200 nm. (b) Ratio of the measured thermal 
conductivity from this work to the calculated thermal conductivity (ΛDCM) at 
each thickness as a function of In content.(a)) matches the experimental 
values of pure InN and GaN. The thermal conductivity at each thicknesses is 
also calculated and plotted as the ratio of the measured thermal conductivity 
and the calculated thermal conductivity as a function of In composition in 
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Figure A.2(b). It is noted that the thermal conductivity of the alloy layer with 
x = 0.08 is higher than calculation by the model.  One possibility is that the 
boundary scattering is not as high as prediction because of small acoustic 
impedance mismatch between the alloy layer and the GaN buffer layer. 
A significant reduction of the InxGa1-xN thermal conductivity below the 
prediction of the model is observed for In compositions in the range 0.2 < x < 
0.9. This suppression is stronger for 0.2 < x < 0.6 which falls within the 
miscibility gap. This reduction is much larger than the uncertainties in the 
TDTR experiment of ± 10%. (The error bar is approximately the size of 
symbols used to plot the data points in Figure A.2(a)). While the model 
predicts well the thermal conductivity for the alloy with x = 0.98, the abrupt 
reduction of the thermal conductivity for x < 0.9 prevents using the 
possibility of bond-length disorder as an significant phonon-scattering 
mechanism in these alloys. Therefore the enhanced phonon scattering at 0.2 
< x < 0.9 is tentatively attributed to nanometer-scale compositional 
inhomogeneities in alloys that are thermodynamically unstable. [101,102] 
There has been no systematic study of the thermal conductivity of 
thermodynamically unstable alloys prior to this work but the strong 
reduction of thermal conductivity by the precipitation of nanometer scale 
second phase particles has been widely investigated. [130,131] 
The existence of compositional inhomogeneities in InxGa1-xN has been 
controversial, [132-134] partly because electron-beam damage during 
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imaging by TEM can generate changes in composition, and some of the early 
studies misinterpreted these experimental artifacts as compositional 
inhomogeneities formed during epitaxial growth. Low In content alloys have 
been best studied and most of these studies have concluded that for x < 0.20 
in the form of thin layers lattice matched to GaN, the microscopic structure is 
best described as a random alloy. [135,136] The microstructure of higher 
concentration alloys and unstrained layers have been less studied. [102] 
A.7 Conclusion 
In conclusion, at low and high In concentrations (x < 0.2 and x > 0.9), the 
thermal conductivity of InxGa1-xN is adequately described by a model based 
on phonon Rayleigh scattering of mass disorders. At intermediate 
compositions, a suppression in the thermal conductivity has been observed 
which has been attributed to nanometer-scale compositional inhomogeneities 
that strongly scatter thermal phonons. 
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